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FOREWORD 

The Reactor Development Program Progress Report de
scr ibes current activit ies, technical progress , and technical 
problems in the program at Argonne National Laboratory 
sponsored by the USAEC Division of Reactor Development 
and Technology. Not all projects are reported every month, 
but a running account of each project is maintained in the 
se r ies of repor t s . 

The last six reports 
in this ser ies are : 

December 1970 ANL-7765 

January 1971 ANL-7776 

February 1971 ANL-7783 

March 1971 ANL-7798 

April-May 1971 ANL-7825 

June 1971 ANL-7833 



REACTOR DEVELOPMENT PROGRAM 

Highlights of Project Activities for July 1971 

EBR-II 

The reactor operated for 1752 MWd in the two-month period ending 
July 15; the accumulated operational total is now 45,540 MWd. Continued 
searching for the sources of the recent increases in cover-gas activity 
identified two experimental- i r radiat ion subassemblies (X073 and X085) as 
definite sources; these were removed from the reactor (see report for last 
month). A third experimental- i rradiat ion subassembly, X082A, was iden
tified as a probable source; this subassembly was moved to the storage 
basket July 15. It is a Mark-E61 type and contains Mark-IA driver-fuel 
elements that had been irradiated previously to a peak burnup of ~2.8 at. % 
in controUed-flow subassemblies. 

The first Mark-Kl subassembly, which is designed for i rradiat ion 
of mater ia ls specimens at high temperature , has been fabricated and loaded 
with specimens of Types 304, 304L, 316, and 316L stainless steel. The 
specimens will be exposed to flowing pr imary sodium whose temperature 
has been raised to 1250°F through gamma heating of susceptors . Four types 
of temperature monitors will be incorporated immediately adjacent to the 
specimens. 

FUELS AND MATERIALS DEVELOPMENT 

Low-cycle creep-fatigue tests of Type 304 stainless steel with vary
ing hold t imes have shown that a thermodynamically unstable micros t ruc
ture , which changes during the test, has a significant effect on fatigue life. 
A linear relationship between time to failure and hold t ime, first suggested 
by Conway at General Electr ic , has been confirmed. A good correlat ion is 
obtained between uniaxial and biaxial s t r ess - rup tu re data for 20% cold-
worked Type 316 stainless steel, except in the lowest s t r ess range at the 
highest temperature (1400°F). 

Both fast- and thermal-neutron radiography with a ^̂ ^Cf source have 
been assessed. The former has only limited potential, but the thermal-
neutron resul ts are equal in quality to those obtained with a reactor . 

The effective use of the magnetic method of determining the degree 
of cold work in stainless steel tubes requires that martensi te be absent 
from the tubes before the final drawing operations. This can be ensured 
by annealing at 1850-1900°F, followed by quenching. 

Thermodynamic data have been developed to determine the condi
tions for control of stoichiometry during creep testing of mixed-oxide fuel. 
The resul ts were applied to the adjustment of the oxygen-to-metal ratio ( O / M ) 



of a batch of fuel for the ANL Groups 0-4 and O-5 experimental fuel pins 
for i rradiat ion in EBR-11. The O / M value was lowered from 1.98 to 1.938 ± 
0.005. Twenty-five eleiments in the Groups 0-4 and O-5 ser ies have been 
fabricated to date. 

An improved method of computing the temperature distribution 
across a fuel pin has been developed that accounts for temperature var ia
tions of thermal conductivity and for porosity variat ions. This method has 
been incorporated into codes. 

Thermodynamic experiments suggest that cesium forms cesium 
uranate rather than cesium oxide in the cooler regions of a fuel pellet, 
giving a low part ial p ressure of cesium. Moreover, molybdenum has a 
significant effect on the oxygen potential of urania and may affect its r e 
action with cesium. 

FUEL CYCLE 

At the request of the AEC, a reference conceptual design for melt 
decladding of fuel subassemblies has been developed, based on experimen
tal investigations of several al ternatives. In this concept, two vert ically 
suspended LMFBR subassemblies are melted by being lowered gradually 
into a crucible which is heated to a temperature between 1550 and 1600°C. 
After the fuel cladding and structural members have been melted, most of 
the molten steel is poured into a mold at one side of the crucible by tilting 
the crucible 10° below horizontal. The oxide fuel pellets are then poured 
into a receiver at the other side of the crucible by tilting the crucible 45° 
below horizontal. 

REACTOR PHYSICS 

The Beginning-of-Life (BOL) Configuration of the FTR 

Upon completing the ser ies of control rod and test region worths in 
subcritical configurations of the FTR Engineering Mockup Crit ical on 
ZPR-9, the reactor was reconstituted to simulate the cr i t ical FTR system 
at the time of its initial operation (BOL). For this purpose all fuel deple
tion was removed, test regions and loops were inserted and the reactor 
oscillator was removed; the worths of various bankings of the control and 
safety rods were then studied in a sequence of five modifications of the 
BOL assembly. 

A measurement of isothermal temperature coefficient in the region 
of 25 to 30°C for the beginning-of-life core shows it to be -3.3 ± 0.3 lh/°C; 
ear l ie r measurements have evaluated the equivalent end-of-cycle temper
ature coefficient as -4.1 ± 0.4 Ih/°C. 



Changes in Central Reactivity Effects in a Sodium-voided Core 

The central zone of Assembly 7 in ZPR-6, now fueled with plutonium 
containin.g 27 wt % ^^°Pu, was voided of sodium to appraise the consequent 
safety-related reactivity effects. With the exception of stainless steel and 
sodium, all measured reactor fissile, fertile and control mater ia l s showed 
decreased reactivity worths. 

Fur ther emphasizing the importance of the study of the interaction 
of sodium-voiding and reactivity effects in an LMFBR core, the worth of 
the ^̂ *U Doppler effect in the ZPR-6 voided central zone was found to be 
40% less than that measured in the unvoided zone. 

REACTOR SAFETY 

Coolant Dynamics 

In analysis of sodium voiding resulting from a loss-of-flow acci
dent, the behavior of the liquid film left behind on the fuel pins is of con
siderable importance, as the dryout of this film is likely to lead to immediate 
cladding failure. Available voiding models usually a re based on voiding by 
one or several large bubbles, so the time for film dryout is calculated to 
depend simply on the rate of radial liquid t ransport as a resul t of vapori
zation from the liquid film, which is assumed to be stationary. For typical 
LMFBR conditions and an initial liquid fraction of 0.15, dryout has been 
calculated to occur 200-300 msec after local voiding. However, a study that 
examined the effect of axial liquid t ransport (resulting from vapor drag in
ducing film motion) has shown that axial mass t ranspor t can proceed at 
least an order of magnitude faster than that calculated above. Thus, local 
dryout spots might occur as early as 20-30 msec after local voiding. 
Therefore, current voiding models should be extended to include two-phase 
annular flow between the liquid slugs. 

Fuel Dynamics Studies in TREAT 

Data and analyses from Tests E l , E2, H2, E3, and E4 have been 
evaluated to provide prel iminary modeling information on internal and ex
ternal fuel motion arising from severe t ransient-overpower conditions. 
Together, these tes ts provide the first picture of LMFBR oxide-fuel be
havior under transient overpower in a flow-channel environment provided 
by TREAT loops. Even for FTR reactivity-input calculations exceeding 
$5/sec, maximum accident cladding tempera tures occur at the top of the 
fuel because of the axial heat t ransport by flowing coolant. These tes ts 
simulate that feature. The resul ts support use of SAS calculations of 
cladding strain up to the onset of melting. The data also support calcula
tions predicting cladding failure at the top of the fuel, the hottest region of 
the cladding. The posttest fragments of once-molten fuel are small . F r o m 



the appearance of the fines (which were not rounded "shot-like" shapes) 
from Test E2, it is apparent the original sizes of this mater ia l were la rger 
and that an unknown amount of fragmentation occurred before the final dis
tributions. The extensive dispersal throughout the E2 loop indicates that 
these fines can be carr ied out of the core. Test E3 indicates that fission-
gas-driven oxide mixing with the coolant promotes a more energetic fuel-
coolant interaction, but not one approaching overall thermodynamic l imits . 
Conversion of energy to work on the coolant was low in all tes ts . Fai lure 
of pre i r radia ted pins having high internal p ressu re due to fission-product 
gases produces an energy-conversion efficiency greater than that resulting 
from failure of fresh pins. 

P rog res s continues in the use of the hodoscope for observing fuel 
dynamics during TREAT-loop tes ts . For example, interesting and strong 
evidence froin the hodoscope shows surprisingly early major fuel-pin dis
tortion in the first test (Ll) in the loss-of-coolant se r ies . The distortion, 
without rupture of cladding, started at 6.5 ± 0.5 sec, consistent with capsule 
flowmeter indications showing loss of flow beginning at 6 sec, at which tinne 
TREAT integrated power (energy input) had reached only 20 ± 5 MW-sec. 
To expose the small pin distortions (with a resolution of 10 mils or less) 
required additional extensions in hodoscope data-analysis techniques. 
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Heat Transfer and Fluid Flow RT-ST 
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No. 

02-099 

02-112 

02-114 

02-116 

02-117 

02-119 

02-122 

02-126 

02-131 

02-133 

02-134 

02-137 

02-138 

02-144 

02-145 

02-148 

02-150 

02-151 

02-157 

02-158 

02-159 

02-162 

02-164 

02-165 

02-166 

02-173 

02-175 

02-177 

02-178 

02-179 

02-180 

02-181 

02-185 

Reponed 
This Month 
in Section 

II 

VIII 

vm 

VIII 

VIII 

v 
VII 

IV 

m 

I 

VI 

VI 

V 

VIII 

IX 

VI 

VII 

VII 

RDT 
189a Title Branch 

Engineering Mechanics RT-ST 

Accident Analysis and Safety Evaluation NS-FS 

Coolant Dynamics NS-FS 

Fuel-element Failure Propagation NS-FS 

Fuel Dynamics Studies in TREAT NS-FS 

High-1 em perature Physical Properties and Equation-of-state of Reactor Materials NS-FS 

TREAT Operations NS-FS 

Structural Dynamics and Containment NS-FS 

EBR-II In-core Instrument Test Facility (INCOT) PE-IC 

NDT Characterization of Cladding Alloys RT-FM 

Fast Critical Experiments; Theoretical Support—Illinois RT-PH 

Nonmetallic Impurity Interactions in Sodium-Metal Systems RT-CC 

Neutron-detector Channel Development PE-IC 

Reactor Analysis, Testing, and Methods Development RE-CD 

Metal Driver Fuel Development and Application RE-FE 

Operation with Failed Fuel RE-CD 

Hot Fuel Examination Facilities PE-FH 

Characterization of Irradiation Environment RE-CD 

LMFBR Fuel Materials Preparation—U/Pu Nitrates to Oxides RT-FR 

LMFBR Fuel Refabrication—Analyses and Continuous Processing RT-FR 

LMFBR Reprocessing—Plutonium Isolation RT-FR 

Thermochemical Properties of Reactor Fuels RT-FR 

Fuel-Coolant Interactions NS-FS 

Postaccident Heat Removal NS-FS 

Thermal-plume Dispersion Studies PA 

Molten-metal Decladding of LMFBR Fuels RT-FR 

Physical and Chemical Studies—Molten Fuel, Cladding, and Coolant RT-FR 

Activation Studies of Fast-neutron Spectra RT-FM 

ZPR-6 and -9 Operations and Maintenance RT-PH 

Fast Critical Facilities; Experiments and Evaluation—Illinois RT-PH 

ZPPR Operations and Maintenance RT-PH 

Fast Critical Facilities; Experiments and Evaluation—Idaho RT-PH 

Lake Circulation Model Development PA 
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02-195 

02-197 

02-204 

02-205 

02-206 

02-210 

02-213 

02-528 

02-530 

02-593 

02-595 

02-605 

02-606 

02-607 

02-609 

02-610 

02-611 

02-613 

02-614 

Reported 

This Month 

in Section 

I 

I 

IV 

III 

IV 

V 

I 

I 

VIII 

189a T i t l e 

RDT 

Branch 

Surveil lance and Failure Evaluation of Experimental Fuel Irradiations 

Instrumentation System Engineering 

TREAT Improvements 

Reactor Plant Services for Experimenters 

Nondestructive Testing and Services to Experimenters 

Operations in Support of Experimental Irradiations 

Great Lakes Power Plant Siting Study 

Sodium Effects on Mechanical Behavior of Stainless Steel 

Plant Dynamics and Control Analysis 

Operation of Digital Data Acquisition System (DAS) 

Sodium Impurity Analysis and Control 

Radioactivity Monitoring in LMFBR Systems 

Swelling and Mechanical Behavior of Cladding Alloys 

Theoret ica l Fast-reactor Physics 

On- l ine Monitoiing and Sampling for Sodium Systems 

Coolant Chemistry 

Materials-Coolant Compat ibi l i ty 

GCFR Fuel -e lement Development 

GCFR Safety-related Performance Aspects of Fuel and the Core 

Coolant Dynamics 

RT-FM 

PE-IC 

PM-EB 

RT-FM 

RT-FM 

RT-FM 

PA 

RT-CC 

PE-IC 

PE-IC 

RT-CC 

RT-CC 

RT-FM 

RT-PH 

RT-CC 

RT-CC 

RT-CC 

RT-FM 

NS-AE 

NS-FS 
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I. EXPERIMENTAL BREEDER REACTOR NO. II 

A. Operations 

1. Reactor Operations. G. E. Deegan (02-075) 

a. Operations (Last reported: ANL-7825, p. 1.1) 

The reactor operated for 1752 MWd in the two-month period 
ending July 15. The accumulated operational total is now 45,540 MWd. 

While the pr imary tank was cooled to 580°F for installation of 
instrvumented subassembly XX03, a new motor-genera tor set was installed 
in the power supply for the secondary pump. Testing of the pump under 
isothermal conditions included running it for 24 hr at the flow rate used 
for 62.5-MWt reactor operation. The pr imary tank was then heated to 
700°F, and fuel handling for Run 49A was completed. After checking of the 
instrumentation for Subassembly XX03 and of reactor interlocks, the r eac 
tor was started up and brought to full power for Run 49A on May 18. On 
the following day, the reactor was shut down to make adjustments to move 
the nuclear center of the core closer to the geometric center. When fuel 
handling was completed, power was returned to 62.5 MWt for Run 49B. 
The run was terminated prematurely on May 31 when a large increase in 
cover-gas activity necessitated shutdown of the reactor . Experimental-
irradiat ion subassembly X085, which contained an oxide-fuel element with 
a deliberately made cladding defect, was identified by a xenon-tag sample 
as the source of the leak. This subassembly had been originally loaded 
into the reactor in late October 1970 for Run 47A. It was moved to the 
storage basket during the fuel handling fbr Run 49C. 

The reactor was started up for Run 49C on June 3, and operation 
continued at 62.5 MWt until June 7, when power was reduced to 58 MWt for 
oscillator experiments. During the experiments, an increase in cover-gas 
activity was observed. The experiments were stopped, and power was 
returned to 62.5 MWt. When the cover-gas activity approached five t imes 
the normal background, power was reduced to 30 MWt. At this power level, 
the leak apparently stopped. RDT concurrence was then received to operate 
at cover-gas activities up to 250 t imes normal background, and reactor 
power was returned to 62.5 MWt. Several further increases in activity 
occurred during the next day, and on June 8, Run 49C was terminated when 
the activity exceeded the new limit. A xenon-tag sample was negative. 
Six experimental- i r radiat ion subassemblies were removed from the core 
as leak suspects. During the startup for Run 49D, it was confirmed that 
the fission-product source was still in the core, so the reactor was shut 
down from 40 MWt. Seven additional leak suspects were removed for 
Run 49E, and other possible suspects were lifted from the core. After 
each lift, the cover gas was checked for increased activity, but all checks 



were negative. During the lifts, one experimental- i rradiat ion subassem
bly, XI19, could not be removed from the core. A scalloped dummy sub
assembly was installed adjacent to it to provide additional clearance, and 
the subassembly then was removed. 

High cover-gas activity was again observed during the power 
increase for Run 49E, so the reactor was shut down from 40 MWt. Eight 
additional experiments and three Mark-II subassemblies were removed as 
leak suspects for Riin 49F. The No. 4 control-rod thimble was replaced 
after an unsuccessful attempt to insert a subassembly in the position be
tween the No. 4 and 5 control-rod thimbles (see Sect. I .C.I .a) . After the 
replacement, loading continued without difficulty. Run49F, which began on 
June 20, continued until June 30 with no abnormal cover-gas activity. A 
complete set of oscillator and rod-drop data was taken during the run. 

Fuel handling for Run 50A included installation of three of the 
11 subassemblies previously removed as leak suspects. The entire Run 50 
was planned for the sole purpose of locating the subassembly with the clad
ding penetration; Run SOA was scheduled for 24 hr at 62.5 MWt. No abnor
mal cover-gas activity was seen. During fuel handling for Run 50B, the 
three suspects installed for Run 50A were removed and four other 
experimental-irradiation subassemblies that were leak suspects were in
stalled. Cover-gas activity increased during startup, so the reactor was 
shut down from 30 MWt. Two of the four suspects, X058 and X082A, were 
removed, and the other two, X094 and X081, were left in the core. Run 50C, 
another 24-hr run at 62.5 MWt, was completed without evidence of a fission-
product source in the reactor. Subassembly X058 was then inserted into the 
core, and X094 and XOSl were removed. Operation with this loading pro
duced no unusual cover-gas activity, so X058 was removed from the core. 
Subassembly X082A, the last of the four suspects that had been in the r eac 
tor during Run 50B, was then loaded into the reactor . Power was increased 
to 62.5 MWt, and after a short period of operation at that level, cover-gas 
activity began to r i se . Run 50E was terminated, X082A was t ransfer red to 
the storage basket, and the reactor was loaded for Run 50F, a scheduled 
777-MWd run. Five experimental- irradiat ion and three Mark-II subassem
blies, previously removed as leak suspects, were returned to the core for 
this run. 

follows: 
Additional details of the fuel handling for this period are as 

For Run 49A: Two Mark-II driver subassemblies were installed, 
and one was removed. One subassembly of impact-bonded vendor fuel and 
one of heat-treated vendor fuel were also removed. For Run 49C: Six 
surveillance subassemblies of vendor fuel were removed. For Run SOA: 
One surveillance subassembly of heat- t reated vendor fuel was reinstalled 
for additional irradiation. Several outer-blanket subassemblies in Row 8, 
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which were approaching their burnup limit, were exchanged with blanket 
subassemblies in Row 14. For Run 50E: The high-worth control rod was 
replaced. 

Changes in experinaental-irradiation subassemblies a re covered 
under Sect. I.A.4. 

2. Fuels and Examination Facility Operations. M. J. Feldman (02-076) 

a. Fuel Assembly. D. L. Mitchell (Last reported: ANL-7825, 
p. 1.2) 

Seventeen Mark-IA subassemblies were assembled in the cold 
line during this reporting period. All were made up of centrifugally bonded 
vendor elements that had been heat- treated by ANL (see Sect. I.A.3.a). 

Table I.l summarizes the production activities for May 16 
through July 15, 1971, and for fiscal years 1971 and 1972. 

TABLE I.l. Production Summary for FEF Cold Line 

5/16/71 Total 7/1/71 Total 
through for through for 
6/30/71 FY 1971 7/15/71 FY 1972 

Subassemblies Fabricated with Hark-IA Fuel 

With cold-line elements 0 2 0 0 
With vendor elements 13 106 9 9 

Preirradiation Treatment of Vendor 
Mark-IA Fuel 

% 
Heat-treating of as-fabricated 
eleaents^ 

Heat-treated, inspected, and accepted*^ 2,623 20,103 562 562 
Heat-treated, inspected, and rejected'^ 277 1,655 205 205 

Total Elements Available for Subassembly 
Fabrication as of 7/15/71 

Cold-line fuel 

Mark lA 199 

Hark II 189 

Vendor fuel (Mark lA) 

Impact-bonded'^ 205 

Heat-treated'' 16,138 

These elements, cast and centrifugally bonded by the vendor, have been accepted by ANL 
verification inspection, but not yet approved for general use in the reactor. They are 
being heat-treated to reclaim them. (See Sec. I.A.3.a.) 

Includes elements previously rejected for void size, but found acceptable on retesting 
of the sodium bond. (See footnote c.) 

"̂ Void size in the sodium bond is the principal cause for rejection. The bonds in elements 
rejected for this reason are being retested (see Sec. I.A.3.a); those rejected after this 
reevaluation may be reclaijned by impact-bonding. 

Impact-bonding by ANL of 11,853 unbonded vendor fuel elements was completed in fiscal 
year 1970. 



b. Reactor Support. J. P . Bacca and N. R. Grant (Last reported: 
ANL-782S, p. 1.5) 

(1) Fabrication of Tantalum-drop-rod Subassembly 
(N. R. Grant). A drop-rod subassembly containing three tantalum slugs 
and one stainless steel slug (see ANL-7758, p. 57) has been fabricated. 
It will be used for reactivity tes ts in the reactor in place of the drop rod 
now being used, which contains stainless steel slugs only. The drop rod 
was satisfactorily flow-tested by the EBR-II Experimental Irradiation and 
Testing Group and then was sent to the specia l -mater ia ls vault for in ter im 
storage. 

3. Fuel and Hardware Procurement . M. J. Feldman (02-073) 

a. Reclamation of Vendor Fuel. D. L. Mitchell (Last reported: 
ANL-7825, p. 1.50) 

During this reporting period, heat-treating of the centrifugally 
bonded vendor elements to reclaim them was completed. (See Table I.l for 
number of elements heat-treated, inspected, and shown to be "accepts" or 
"rejects" in this reporting period.) Of the 22,650 elements initially avail
able at the beginning of this reclamation program, 22,525 were heat- t reated 
and examined. (The other 125 elements were used for other purposes, 
except for 18 that were damaged in shipping and handling.) Their examina
tion to date shows 20,665 elements to be "accepts." Of these, 4527 were 
used in subassemblies for in-reactor tes t s . 

Elements were rejected principally for the size of the voids in 
the sodium bond; the acceptable void size was based on Revision 6 of Spec
ification FCF-1 (Product Specification for EBR-II Driver Fuel Elements). 
A new type of bond tester , now in operation, can measure the larger void 
sizes that are acceptable under Revision 7 of F C F - 1 . The elements that 
were rejected under Revision 6 will be reevaluated for void size in the 
new tes ter . Rejected elements from the new tes ter and those elements 
rejected for traps and bubbles will be impact-bonded (1000-2000 impacts 
at ~500°C) in an effort to reclaim them, after which their bonds will be 
retested. Elements rejected after the impact-bonding operation will not be 
subjected to any additional reclamation processing to salvage them. 

4. Reactor Plant Services for Experimenters . R. Neidner (02-204; last 
reported: ANL-782S, p. 1.6, under Experimental Irradiation and 
Testing) 

Table 1.2 shows the status of experimental irradiations in EBR-II 
on July 15, after Run SOE. The footnotes for the table summarize the 
removals and reinsert ions of experimental- i rradiat ion subassemblies during 
the search for a fission-product leaker. Subassembly X082A was identified 
as the most probable leaker, and its i rradiat ion was terminated at the end 
of Run SOE. (See also Sect. I.A.I.a) 



TABLE 1 .2 . 

Subassembly No. 
and ( P o s i t i o n ) 

XXO3 

XG03A 

XC30UA 

XO55A 

X 0 5 8 ' ' ' ^ 

XO68A 

XO69A 

X07IA 

xoyi+A 

X076 

X079'^ 

xo8i<l'f 

X 0 8 2 A 8 

X083'^ 

X086S 

(5F3) 

(8D2) 

(8A7) 

(7E5) 

(7B6) 

( 6 B U ) 

(6Flt) 

(6clt) 

(6A5) 

(7A2) 

(ltB2) 

(7F6) 

(5Alt) 

(5E2) 

(5DU) 

Date 
Loaded 

5 /1U/7I 

9/1U/7O 

9 / 1 5 / 7 0 

3 / 1 6 / 7 1 

li/2V69 

2 / 2 3 / 7 1 

U/22 /71 

3 / 2 9 / 7 1 

5 / 1 6 / 7 1 

3 / 2 7 / 7 0 

I+/17/70 

5 /2V7O 

2 / 2 3 / 7 1 

9 / 1 5 / 7 0 

8 / 7 / 7 0 

S t a t u s of Expe r imen ta l I r r a i 
(Run SOE 1 

Conten t and 
(Number of Capsul 

S t r u c t u r a l 

UO2-2O wt i PuOg 

UO -20 wt % PuOg 

( " 0 . 8 5 - ^ ^ 0 . 1 5 ) C 

UO2-25 wt i PuOg 

Mark lA 

UO2-25 wt i PUO2 

Mark I I 

UO2-25 wt fo PUO2 

U02-25 wt $ I\iO 

( " 0 . 8 5 - ^ 0 . 1 5 ^ ^ 

UO2-25 wt i PuGj 

Mark lA 

Mark lA 

(Uo .8 - f^0 .2 )N 
(U0.8-P^0 .2)C 
(uo.8-P>io 2)° 

es) 

( 5) 

( 2) 

( 2) 

(19) 

(37) 

(61) 

(37) 

(37) 

(37) 

(19) 

(19) 

( 9) 

(61) 

(61) 

(10) 
( 5) 
( h) 

d i a t i o n s i n 
Completed) 

E x p e r i -
mente r 

HEDL 

GE 

GE 

UNC 

GE 

ANL 

HEDL 

ANL 

HEDL 

WARD 

UNO 

GE 

AHL 

ANL 

BMI 

LASL 

WARD 

EBR-II a s of 

Accumulated 
E x p o s u r e , 

W d 

1,752 

l+,86l 

U,86l 

3,206 

1 8 , 7 8 9 

3,632 

2, l t l l i 

3 ,206 

1,752 

10,1*13 

1 0 , 8 2 1 

8 ,189 

2 , 9 5 5 

5,1+1*3 

6 ,776 

J u l y 1 5 , 1971 

E s t i m a t e d 
Goal 

E x p o s u r e , 
ma 

6 , 2 0 0 

13 ,000 

21 ,000 

15 ,000 

2 1 , 8 0 0 

9 ,300 

16 ,000 

5 ,800 

1 0 , 0 0 0 

15 ,000 

11 ,000 

19 ,000 

l+,500 

13 ,900 

7 , 0 0 0 

Burnup^ 

0 . 6 

0 . 8 + 7 . 5 ^ = 

0 . 8 + 8 . 5 ^ = 

0 .8+U.8^ = 

6 . 5 

0 .8+2.U^ = 

0 . 6 + 2 . 9 ^ = 

1 .1+6 .6^ = 

0.7+3.1*^ = 

3.U 

5 .6 

2 . 6 4 ^ . 7 ^ = 

0 . 5 + 2 . 8 ^ = 

1.5 

3 .2 
3 .2 
2 . 9 

8 .3 

9 . 3 

5 .6 

3 .2 

3 .5 

7 . 7 

U.l 

9 . 3 

3 . 3 



TABLE 1.2 (contd) 

Subassembly No. 
and (Position) 

Date 
Loaded 

X087A (6C2) 10/27/70 

XO88 (iCk) 5/2lt/70 

XO89 (2F1) 9/15/70 

XO9O (7D5) 9/15/70 

XO9I 

XO93 

X09U'^' 

XO95 

XO97 

XO99 

XlOO 

X102 

XllO 

X112 

(1+B3) 9/11/70 

(6Elt) 10/27/70 

(7Blt) 11/16/70 

(7A5) 9/18/70 

(5A2) 3/18/71 

(liC2) 11/16/70 

(7F5) 11/16/70 

(2D1) 10/7/70 

(7F1) 2/22/71 

(7C5) 2/22/71 

(6B2) 5/12/71 

Content and 
(Number of Capsules) 

Experi-
menter 

UO2-25 wt i PuOg (61) HEDL 

UO2-25 wt i PUO2 (19) WARD 

S t r u c t u r a l ( 7 ) HEDL 

S t r u c t u r a l ( >+) BMI 
S t r u c t u r a l ( l ) INC 
S t r u c t u r a l ( l ) ORML 

S t r u c t u r a l ( l ) HEDL 

S t r u c t u r a l ( 7 ) HEDL 

UO2-25 wt i PuOg (61) HEDL 

UO2-I5 wt i PuOg ( 7 ) GGA 

S t r u c t u r a l ( l ) tffiL 

UO2-25 wt i PuOj (61) HEDL 

S t r u c t u r a l (19) GE 

Boron Carb ide ( 6) OENL 

S t r u c t u r a l ( 7) ORNL 

Chromium C o r r o s i o n ( l ) ANL 

Structural ( 7 ) INC 

UO2-2O wt i PuOp (19) ORNL 
U0p-20 wt i PuOp (18) B&W 

Accumulated 
Exposure, 

Wd 

l+,699 

8,912 

6,2l+9 

6,21*9 

6,21*9 

1*,699 

1,613 

6,230 

3,219 

3,721* 

3,721* 

5,̂ *79 

3,721* 

3,721* 

1,752 

Estimated 
Goal 

Exposure, 
md Burnup^ 

19,000 

li*,500 

7,800 

6,700 

16,000 

16,000 

8,600 

11,000 

ll*,000 

8,000 

20,000 

10,000 

10,000 

7,500 

10,000 

1.0+1.1' 

2 . 1 

2 . 6 

1.3 
1.3 
1.3 
1.3 

2 . 3 

1.6 

0 . 5 

1 .3 

1.3 

l .U 

0 . 8 

2 . 3 

0 . 5 

0 . 8 

0.6 
0.6 

2.1 



TABLE I. 2 (contd) 

Subassembly No. 
and (Position) 

Date 
Loaded 

Content and 
(Number of Capsules) 

Estimated 
Accumulated Goal 

Experi- Exposure, Exposure, 
menter I*d MWd Burnup" 

xii3^ (6ri) V22/71 uo -20 wt i PuOg 
UO2-20 wt i PuOg 
s t r u c t u r a l 

XII5 (6D1) l* /2 l /71 UO2-25 wt i PuOg 

X117^ (8B2) 2/2l*/71 UO2-25 wt i PuOg 

X120 (7E3) 5 / 6 / 7 1 Boron Ca rb ide 

Tanta lum 

XI23 (2B1) 7/2/71 structural 

XI33 (7B3) m m Structural 

(13) 
( 5) 
( 1) 

(37) 

( 9) 

( 6) 
( 1) 

( 1) 

(37) 

ANL 
ANL/NUMEC 

ANL 

WARD 

GE 

HEDL 
HEDL 

HEDL 

ANL 

1,670 

2,l*ll* 

2,826 

1,761* 

2l*l 

2l*l 

10,000 

ll*,000 

30,000 

l+,000 

3,100 

1,500 

0.7+3.7^ 
0.5+9.8'̂  
0.1*+2.1*̂  

0.8 

0.5+1*. 9^ 

0.1* 
0.1*. 

0.1 

"-Ql 

= l*.l* 
= 10.3 
= 2.8 

= 5.U 

Estimated accumulated center burnup on peak rod, based on unperturbed flux, but considering depletion 
effects (fuels, at. %; nonfuels, nvt x 10~22). 

Previous exposure from another subassembly. 

In storage basket during runs 50A, 50C, and SOE. 

Installed for run-50F startup. 

Terminated after run SOA. 

In storage basket during runs SOA, SOD, and SOE. 

^Terminated after run SOE. 
h 
In storage basket during runs SOB, SOC, SOD, and SOE. 

Temporarily stored in position 14C7 since run SOA. 



5. Operations in Support of Experimental Irradiations (02-206) 

a. Operational In-cell Handling and Examination Equipment. 
M. J. Feldman (Last reported: ANL-7798, p. 42, under 4. Hot 
Fuel Examination Faci l i t ies; a. Improvement of the FEF) 

(1) Handling Subassemblies Containing Failed Fuel 
(D. M. Paige). As reported in ANL-7798, provision is being made for the 
capability to handle an EBR-II subassembly containing a fuel failure too 
severe for safe handling with standard procedures and to t ransfer the sub
assembly to the FEF tor in-cell disassembly and examination. 

During this reporting period, the in-cell equipment for 
handling and storing the sodium-filled dipper (which will contain the sub
assembly) and the milling machine for dismantling the subassembly was 
received and satisfactorily tested out-of-cell. (The failed-fuel radiation 
shield and the gas-tight container for holding the sodium-filled dipper 
were received ear l ier and satisfactorily tested out-of-cell.) The dipper 
was tested with a dummy subassembly, but no sodium. In operation, the 
loaded dipper will be stored in a dipper-holding container placed into one 
of the existing floor pits in the argon cell until the subassembly is removed 
from the dipper for examination and disassembly. The holding container 
is equipped with heaters (controlled to provide a temperature of 500°F) for 
use if decay heat is insufficient to keep the sodium molten. Tests of the 
heaters showed that a temperature of 500°F could be achieved in about 5 hr . 
If desired, the sodium can be melted from the top down to prevent eruption 
of liquid sodium through the top sodium crust during heating. Forced-
argon cooling of the dipper while it is in the holding container is also pro
vided. The handling equipment and the holding container will be t ransfer red 
into the argon cell soon for remote testing. 

Detailed designs are complete for modifying the milling 
machine (which has numerical control) for remote operation and for a 
fixture to hold the subassembly during milling. After the mill is modified 
and the holding fixture is fabricated, extensive machining mockup tes ts , 
initially out-of-cell, will be performed. 

As reported in ANL-7798, neutron radiography is one of 
the procedures being considered for nondestructive examination of the 
subassembly. The existing argon-cell isotopic neutron source was to have 
been used. Tests using a subassembly mockup and a neutron source equiv
alent in strength to that expected from the argon-cel l source showed that 
the definition would be insufficient for obtaining data for the fuel failure. 
Therefore, the use of the argon-cel l source for nondestructive examination 
is being reconsidered. Detailed designs are complete for the other examin
ation equipment. 
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b . E x p e r i m e n t a l S u p p o r t . M . J . F e l d m a n , J . P . B a c c a , a n d 

N . R . G r a n t ( L a s t r e p o r t e d : A N L - 7 8 2 S , p . 1 .10) 

T a b l e 1.3 l i s t s t h e n e w s u b a s s e m b l i e s t h a t w e r e m a d e u p w i t h 

n e w c a p s u l e s o r e l e m e n t s a n d s e n t t o t h e r e a c t o r o r t o t h e s p e c i a l - m a t e r i a l s 

v a u l t s f o r i n t e r i m s t o r a g e u n t i l n e e d e d f o r t h e r e a c t o r . 

TABLE 1.3. New Subassemblies Fabr icated In the FEF 

Subassembly 
No. (and Type) Content and (Number) of Capsules or Elements 

X107 (B61A)^ HEDL mixed-oxide fuel elements (58) ; dosimetry elements (3) 

X123 (haA)* HEDL s t r u c t u r a l - m a t e r i a l s capsule (1) 

X125, X128, In each: ANL-EBR-II dosimetry capsules ( 3 ) ; dummy elements (16) 
X129, XI30, 
X131, X132 (B19)'' 

X126 (dr iver) '* ANL-EBR-II dosimetry capsules ( 5 ) , including one each in the 

upper and lower r e f l e c t o r s h i e l d s ; Mark-IA fuel elements (88) 

X127 ( d r i v e r ) ' ' ANL-EBR-II dosimetry capsules ( 3 ) ; Mark-IA fuel elements (88) 

XI33 (L37)^ ANL pressur ized Creep-HB capsules (34) ; dummy elements (3) 

Subassembly sent to r e a c t o r . 

Subassembly sent to the s p e c i a l - m a t e r i a l s vau l t s for in ter im s torage u n t i l needed 
for the r e a c t o r . 

B . F u e l s a n d M a t e ' r i a l s S t u d i e s 

1. C o o l a n t C h e m i s t r y . D . W. C i s s e l ( 0 2 - 6 0 9 ) 

a . M o n i t o r i n g of S o d i u m - c o o l a n t Q u a l i t y . W. H . O l s o n , C . C . M i l e s , 

a n d T . P . R a m a c h a n d r a n ( L a s t r e p o r t e d : A N L - 7 8 2 S , p . 1 .13) 

T a b l e s 1.4 a n d 1.5 g i v e i n f o r m a t i o n p e r t a i n i n g t o t h e t a k i n g of 

t h e p r i m a r y - a n d s e c o n d a r y - s o d i u m s a m p l e s w h o s e a n a l y s e s a r e r e p o r t e d 

b e l o w . 

(1) R a d i o n u c l i d e s i n S o d i u m . T a b l e 1.6 l i s t s r e s u l t s of a n a l y 

s e s f o r ' ^ ' C s a n d ' ^ ' l i n t h e p r i m a r y s o d i u m . A n i n c r e a s e i n ' ^ ^ C s a c t i v i t y 

i s e v i d e n t , b e g i n n i n g w i t h t h e J u n e 7 s a m p l e . T h e i n c r e a s e w a s c o i n c i d e n t 

w i t h i n c r e a s e d x e n o n a c t i v i t y i n t h e c o v e r g a s . ( S e e S e c t . I . A . I . a . ) 

T a b l e 1.7 l i s t s t o t a l a c t i v i t i e s of a c t i v a t i o n p r o d u c t s i n t h e 
8 6 , 0 0 0 g a l of p r i m a r y s o d i u m . D e t e r m i n a t i o n s w e r e m a d e o n v a c u u m -
d i s t i l l a t i o n r e s i d u e s f r o m t h e s a m p l e s . 



TABLE 1.4. Sampling ot Primary Sodium 

Sample 
Date 

4/29/71 

5/5/71 

Analysis for 

Tritium 

137_ , 131-
Cs and I 

Sampling 
Method^ 

of 

of 

Sample Vessel 

Sample Bulk 
Flow, Flush Sample Sodium 
gpm Time, min Temp, °F Temp, °F 

Quartz beaker 

Pyrex beaker 

0.4 

0.4 

15 

15 

580 

515 

680 

565 

5/14/71 

5/19/71 

5/24/71 

5/28/71 

6/1/71 

6/2/71 

6/4/71 

6/7/71 

6/8/71 

6/11/71 

6/14/71 

6/18/71 

products 

137- . 
Cs and 

Carbon anc 

131j 

I oxygen 

137^ . 131^ 
Cs and I 

a activity 
Cadmium and zinc 

Cs and 
Tritium 
Boron 

137, , Cs and 

Cs and 

Plutonium 

137^ 
Cs and 

137. 
Cs and 

137_ , Cs and 

137^ 
Cs and 

13Ij 

" l l 

134 

134 

131j 

131j 

131j 

Carbon and oxygen 

137^ , Cs and 

137^ 
Cs and 

Potassium 

Activatior 

131j 

131j 

1 products 

of 

of 

ft 

of 
of 
of 

of 
of 
of 

of 

of 

of 

of 

of 

of 

of 

ft 

of 

of 
of 

of 

Ti cup 

Pyrex beaker 

SS extrusion 
vessel 

Pyrex beaker ] 
Pyrex beaker > 
Quartz beakerj 

Pyrex beaker | 
Quartz beaker ?• 
Ta cup J 

Pyrex beaker 

Pyrex beaker 

Tl cup 

Pyrex beaker 

Pyrex beaker 

Pyrex beaker 

Pyrex beaker 

SS extrusion 
vessel 

Pyrex beaker 

Pyrex beaker 1 
Pvrex beaker J 

Ti cup 

0.6 

0.8 

0.8 

0.6 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.7 

0.5 

0.7 

0.6 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

15 

240 

15 

15 

15 

505 

460 

465 

580 

600 

590 

590 

590 

590 

580 

590 

580 

540 

580 

580 

580 

575 

565 

565 

700 

695 

700 

695 

695 

700 

695 

695 

695 

695 

695 

695 

690 

6/23/71 

6/28/71 

7/2/71 

Plutonium 
Tritium 

137. , 131, 
Cs and I 

Nitrogen 

cf 
of 
of 

of 
of 

Pyrex beaker 
Ta cup 
Quartz beaker 

Pyre 
Quar 

X beaker 1 
tz beaker j 

Trace metals and 
activation products of Ti cup 0.5 

15 

30 

695 

695 

of = overflow; ft = flow-through. 



TABLE 1.5. Sampling of Secondary Sodium 

Sample 
Date Analysis for 

Sampling 
Method^ Sample Vessel 

Sample Bulk 
Flow, Flush Sample Sodium 
gpm Time, min Temp, "F Temp, °F 

TABLE 1.6. 

Sample 
Date 

131 
Cs and I In Primary Sodium 

Sample 
Size, g 

•^^'Cs 

nCi/g 
I, 

pCi/g 

4/29/71 

5/11/71 

5/13/71 

5/19/71 

5/20/71 

5/24/71 

6/7/71 

6/16/71 

6/17/71 

6/18/71 

6/23/71 

6/24/71 

7/13/71 

Tritium 

Carbon and oxygen 

Trace metals 

Silicon 

Boron 

Tritium 

Carbon and oxygen 

Trace metals 

Nitrogen 

Boron 

Tritium 

Silicon 

Trace metals 

of 

ft 

of 

of 

of 

of 

ft 

of 

of 

of 

of 

of 

of 

Quartz beaker 

SS extrusion 
vessel 

Ta cup 

Ta cup 

Ta cup 

Quartz beaker 

SS extrusion 
vessel 

Ta cup 

Quartz beaker 

Ta cup 

Quartz beaker 

Ta cup 

Ta cup 

0.7 

0.8 

0.6 

0.7 

0.7 

0.7 

0.8 

0.6 

0.7 • 

0.7 

0.4 

C.7 

0.6 

18 

15 

15 

15 

15 

15 

15 

15 

15 

15 

17 

15 

30 

420 

440 

4 35 

425 

420 

4 30 

440 

420 

430 

420 

485 

460 

440 

490 

470 

465 

490 

460 

490 

485 

450 

440 

440 

485 

485 

460 

5/5/71^ 

5/14/71 

5/19/71 

5/24/71 

5/28/71 

6/1/71 

6/4/71 

6/7/71 

6/8/71 

6/11/71 

6/14/71 

6/18/71 

6/23/71 

6/28/71 

12.6 

12.1 

13.6 

11.6 

13.5 

13.0 

13.0 

11.3 

12.5 

12.8 

13.0 

10.5 

13.1 

11.5 

17 

17 

16 

17 

17 

18 

17 

20 

22 

23 

21 

22 

21 

23 

110 

58 

25 

66 

72 

147 

97 

31 

463 

294 

196 

113 

82 

68 

of = overflow; ft = flow-through. 
Taken from FERD loop; all other samples taken 
from purification loop. 



5/13/71 

6/18/71 

mm 

56.5 

24.2 

55.4 

0.18 

0.16 

0.19 

0.008 0.15 

0.020 0.03 

0.017 0.24 

TABLE 1.7. Activation Products in 86,000 gal of Primary Sodiuiii 

Total Activity, Ci 

Sample Sample nchn 54^ 1257 irT 113, 113m^ 
Date Size, g Ag Mn Sb Sn Sn- In 

1.2 1.65 

1.0 1.60 

1.4 1.79 

A sample of pr imary sodium taken May 19 was analyzed 
for a reactivity. The activity of ^'°Po was 67 d is /min-g . Plutonium activ
ity for this sample and two others (taken June 2 and 23) was <1 d is /min-g . 

Table 1.8 lists results of analyses for t r i t ium in the pr imary 
and secondary sodium. In addition, samples of s team and condensate from 
the power cycle have been analyzed for t r i t ium present during periods of 
operation and outage of the secondary-sodium cold t rap. Table 1.9 lists 
the results of these analyses. These data show that concentration of t r i t ium 
in the steam system is a function of t rap operation. 

(2) Trace Metals in Sodium. Table 1.10 lists resul ts of analyses 
for trace metals in the pr imary and secondary sodium. Concentrations a re 
measured by atomic-absorption spectrophotometry on vacuum-distillation 
residues. Both values for lead in the pr imary sodium are lower than nor
mal. (See footnotes for the table.) 

Cadmium, zinc, and potassium cannot be determined from 
distillation residues. Cadmium and zinc are separated from sodium by 
solvent extraction and measured by atomic-absorption spectrophotometry. 

TABLE 1.8. Tritium in Sodium 

Sample 
Date 

4/29/71 

5/24/71 

6/23/71 

Primary 

Sample 
Size, g 

5.5 

3.5 

Samplt 

Sodium 

Tritium, 
liCi/g 

4.2 X 10"^ 

6.3 X 10~^ 

i no good 

Seconds 

Sample 
Size, g 

3.6 

3.3 

3.4 

iry Sodium 

Tritium, 
yCi/g 

6.7 X lO"'' 

9.2 X lO"'' 

2.9 X lO"-' 
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TABLE 1.9. Tritium Content of Steam Systei 
with and without Operation of the 

Secondary-sodium Cold Trap 

Sample 
Date 

4/20/71 

4/23/71 

4/26/71 

4/27/71 

4/28/71 

4/29/71 

5/3/71 

5/4/71 

5/19/71 

5/21/71 

5/24/71 

5/24/71 

5/26/71 

6/7/71 

6/21/71 

6/22/71 

6/23/71 

6/24/71 

Tritium 
In 

Steam, 
pCl/mi 

12 

9 

14 

18 

18 

20 

31 

33 

73 

64 

74 

75 

83 

17 

9 

12 

11 

13 

Tritium in 
Turbine Condensate, 

pCl/ml 

13 

8 

14 

17 

17 

18 

29 

34 

74 

62 

75 

72 

72 

13 

13 

11 

13 

13 

Secondary 
Cold Trap 
Operating? 

Yes 

Yes 

Yes 

Yes 

No 

No 

No 

No 

No 

No 

No 

No 

Yes 

Yes 

Yes 

Yes 

Yes 

Yes 

Trace Metals in Sodiui 

Sample Sample 
Date Size, g 

Concentration, ppm 

5/13/71 56.5 

7/2/71 55.4 

5/13/71 53.6 

6/16/71 57.0 

7/13/71 57.6 

Primary Sodium 

0.07 <0.6 3.2 <0.02 <0.02 0.02 0.04 0.97 <0.06 0.013 0.009 <0.07 <0.04 5.0^ 26.9 

0.13 <0.6 1.1 <0.01 <0.02 <0.02 0.03 0.45 <0.06 0.018 0.005 <0.07 <0.04 1.8 ^ 25.5 

Secondary Sodium 

0.16 <0.6 <0.1 0.04 <0.02 0.06 0.05 1.27 <0.06 0.038 0.021 <0.07 0.06 0.20 <0.5 

0.05 <0.6 <0.1 0.11 <0.02 0.05 <0.02 0.23 <0.06 0.028 <0.006 <0.07 <0.04 0.18 <0.5 

0.08 <0.6 <0.1 0.02 <0.02 0.03 0.02 0.21 <0.06 0.032 0.014 <0.07 <0.04 0.23 <0.5 

The primary-sodium bulk temperature was '̂ •575°?; this may account for the low lead value. 

This sample may have been overheated during distillation. A 10-g sample taken 7/16/71 yielded 11 ppm lead. 



1.14 

P o t a s s i u m i s d e t e r m i n e d b y f l a m e s p e c t r o p h o t o m e t r y w i t h o u t s e p a r a t i o n 

f r o m s o d i u m . R e s u l t s of a n a l y s e s f o r t h e t h r e e t r a c e m e t a l s i n p r i m a r y 

s o d i u m w e r e : 

5 / 1 9 / 7 1 s a m p l e 

6 / 1 8 / 7 1 s a m p l e 

C d 0 . 0 2 p p m ; Z n < 0 . 0 6 p p m 

K 1 65 p p m 

(3) C a r b o n a n d O x y g e n i n S o d i u m . T a b l e I . l l l i s t s r e s u l t s of 

a n a l y s e s f o r c a r b o n a n d o x y g e n i n t h e p r i m a r y a n d s e c o n d a r y s o d i u m . 

S a m p l e s of ~ 1 5 g a r e e x t r u s i o n - a l i q u o t e d f o r a n a l y s i s . C a r b o n i s d e t e r 

m i n e d b y t h e o x y a c i d i c - f l u x m e t h o d , a n d o x y g e n b y t h e m e r c u r y -

a m a l g a m a t i o n m e t h o d . 

TABLE I . l l . Carbon and Oxygen i n Sodium 

Carbon Oxygen 

Sample Number of Ave rage Con- Number of 
D a t e A l i q u o t s ^ c e n t r a t l o n , ppm A l i q u o t s ^ 

A v e r a g e Con
c e n t r a t i o n , ppm 

5 / 1 4 / 7 1 

6 / 1 1 / 7 1 

5 / 1 1 / 7 1 

6 / 7 / 7 1 

P r i m a r y Sodium 

1.0 ± 0 . 5 3 

1 .1 ± 0 . 2 3 

S e c o n d a r y Sodium 

1.6 ± 0 . 2 3 

1 .3 ± 0 . 4 4 

1 .6 ± 0 . 6 

1 .2 ± 0 . 3 

1 .3 ± 0 . 9 

1.0 ± 0 . 5 

A l i q u o t s i z e '^1 g . 

(4) N i t r o g e n i n S o d i u m . T a b l e 1.12 l i s t s r e s u l t s of a n a l y s i s f o r 

n i t r o g e n i n t h e p r i m a r y a n d s e c o n d a r y s o d i u m . N i t r o g e n i s d e t e r m i n e d b y 

t h e K j e l d a h l m e t h o d . 

TABLE 1 . 1 2 . N i t r o g e n i n Sodium 

P r i m a r y Sodium S e c o n d a r y Sodium 

Sample Sample N i t r o g e n , Sample 
Da te S i z e , g ppm D a t e 

Sample N i t r o g e n , 
S i z e , g ppm 

6 / 2 8 / 7 1 1 2 . 1 < 0 . 1 6 / 1 7 / 7 1 1 1 . 8 < 0 . 1 
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(5) S i l i con in Sodium. B e c a u s e of s a m p l i n g p r o b l e m s , the p r i 
m a r y s o d i u m was not a n a l y z e d for s i l i c o n . Two s a m p l e s of s e c o n d a r y 
s o d i u m w e r e a n a l y z e d for s i l i c o n wi th the fol lowing r e s u l t s : 

5 / 1 9 / 7 1 s a m p l e Si 0.4 p p m 

6 / 2 4 / 7 1 s a m p l e Si 4.4 p p m 

(6) B o r o n in Sodium. B e c a u s e of s a m p l i n g p r o b l e m s , the p r i 
m a r y s o d i u m was not ana lyzed for b o r o n . Two s a m p l e s of s e c o n d a r y 
s o d i u m w e r e a n a l y z e d for b o r o n wi th the fol lowing r e s u l t s : 

5 / 2 0 / 7 1 s a m p l e B < 0.05 p p m 

6 / I 8 / 7 I s a m p l e B < 0.05 p p m 

b . R a d i o a c t i v i t y of E B R - I I P r i m a r y - s y s t e m C o m p o n e n t s . 
C. R. F . Smi th , E. R. E b e r s o l e , and H. H u r s t ( L a s t r e p o r t e d : 
A N L - 7 7 9 8 , p . 12)* 

R a d i o a c t i v i t y m e a s u r e m e n t s m a d e of c o m p o n e n t s d u r i n g f i s c a l 
y e a r 1971 and not p r e v i o u s l y r e p o r t e d a r e s u m m a r i z e d be low. 

(1) P r i m a r y P u m p No. 1. This 5000 -gpm (nomina l ) c e n t r i f u g a l -
p u m p a s s e m b l y was r e m o v e d f r o m the p r i m a r y t ank on D e c e m b e r 27, 1970, 
for r e p a i r and m a i n t e n a n c e . The r e s u l t s of a r a d i a t i o n s u r v e y of the un -
c l eaned a s s e m b l y w e r e r e p o r t e d in A N L - 7 7 9 8 . The a s s e m b l y was c l eaned 
us ing a p r o c e d u r e c o n s i s t i n g of: (a) c o n v e r s i o n of r e s i d u a l s o d i u m to s o d i u m 
oxide in a d r y a i r - a r g o n a t m o s p h e r e ; (b) d i s a s s e m b l y into c o m p o n e n t p a r t s 
( i m p e l l e r shaft , baffle a s s e m b l y , and pump c a s e ) , fol lowed by a s e r i e s of 
a l c o h o l - w a t e r r i n s e s of e a c h componen t ; (c) s c r u b b i n g of exposed s u r f a c e s 
of e a c h c o m p o n e n t in hot a m m o n i u m c i t r a t e - o x a l a t e c l ean ing so lu t ion; and 
(d) r i n s i n g in hot w a t e r and e thyl a l coho l , followed by d r y i n g in a i r . 

E a c h componen t , be fo re and a f te r c l ean ing , was a x i a l l y 
s c a n n e d for r a d i o a c t i v i t y by moving the componen t p a s t a G e L i g a m m a - r a y 
d e t e c t o r . O t h e r than Na, which was to t a l ly r e m o v e d in the c l ean ing p r o 
c e s s , the p r i n c i p a l a c t i v i t i e s found on the unc l eaned pump w e r e (in d e c r e a s 
ing o r d e r of i m p o r t a n c e ) ^^Mn, ^°Co, ' " C s , and ' ' ^ T a . On the u n c l e a n e d 
s u r f a c e s , '^^Ta was l e s s t h a n a t en th tha t of ^ M n . The c l e a n i n g p r o c e s s 
r e m o v e d 44-67% of the ^*Mn, 42-92% of the ' °Co , and -65% of the ' " C s , but 
no s ign i f i can t a m o u n t of '^^Ta. T a n t a l u m - 1 8 2 is f o r m e d by the r e a c t i o n 
'^ 'Ta(n ,7) '^^Ta. The s o u r c e of t a n t a l u m is be l i eved to be the c ladding of 
the a n t i m o n y n e u t r o n s o u r c e used in E B R - I I . 

R a d i o a c t i v e d e p o s i t s of ' " C s , ^*Mn, and '°Co w e r e found on 
u n c l e a n e d s u r f a c e s in the c o v e r - g a s r e g i o n in the p r i m a r y t ank . The m a j o r 

*The results of gamma-scanning tlie inadiated-fuel-monitor tiiimble are given in ANL-7776 (p. 26). 
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activity was ' " C s , which, because of its volatility, is assumed to have been 
transported from the sodium pool by vaporization-deposition. The mech
anism by which ^̂ Mn and '"Co appear on surfaces in the pr imary tank ex
posed only to the cover gas is not understood and needs to be explored. 

(2) Pump Duct of FERD Loop. The pump duct of the FERD 
(fuel-element rupture detector) loop is a component of the delayed-neutron 
detection system that continuously samples p r imary sodium from the effluent 
of the EBR-II intermediate heat exchanger. The duct (fabricated from 
Type 304 stainless steel) was replaced in April 1970 after an estimated 
210 million gallons of 700°F pr imary sodium had passed through it. 

After the duct was removed from the FERD system, the 
small amount of sodium remaining in it was removed by heating and 
draining. The duct was scanned for radiation with a GeLi detector before 
and after washing it with ethyl alcohol and water. These washes removed 
28% of the initial ^̂ Mn and 52% of the initial '"Co. No ' " C s was detected 
in either scan. 

(3) Primary-purif icat ion-system Cold Trap. In March, after 
EBR-II had been shut down more than three months, the per imeter of the 
primary-purification-system cold t rap was monitored with a radiation 
survey meter (juno Model 7). Measurements were taken on 6-in. centers 
2 in. from the surface of the insulation. From these measurements , an 
isodosic map was prepared. This map showed two centers where radio
activity was two to three times as great as the general level of about 
100 mR/hr . One of these centers was near the bottom of the tank, where 
radioactivity was expected to be greatest owing to coprecipitation and 
adsorption of radionuclides on sodium oxide precipi tates . The other center 
of activity was on the opposite side of the tank and near its upper edge. 
The reason for high radiation in this zone is not known at present . 

Figure I.l is a cutaway view of the t rap. Figure 1.2 shows 
the isodosic map. 

2. Materials-Coolant Compatibility. D. W. Cissel (02-610) 

a- Evaluation and Surveillance of EBR-11 Mater ia ls . D. W. Cissel 
and W. E. Ruther (Last reported: ANL-7825, p. 1.20) 

(1) Examination of IHX Drain Tube (Not previously reported). 
This long tube, which had extended down into the IHX (intermediate heat 
exchanger), was removed from EBR-II last winter. Markings still visible 
after nearly eight years in sodium servicfe identified the tubing as SPEC-
ASTM-A213 TMI HEAT W93899 1 OD x 0.065. This specification is for 
Type 304 stainless steel seamless tubing made from an electr ic-furnace 
melt. Secondary sodium at temperatures from 610 to 650°F had flowed past 
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SODIUM OUTLET 
FROM COLO TRAP 

CVLINDRICtL FLOU 
SEPiRATOR 

CRVSTALLIZER TAIIK 

HELICAL lAFFLE 

NaK-FILLEO JACKET 

SODIUM INLET TO ECOMOHIZER 

SODIUM OUTLET FROM ECMOMIZER 

SOOIUM INLET TO COLD TRAP 

RsK-COOLANT OUTLET 

MK-COOLAMT IHLET 

Fig. I . l . EBR-II Primary Cold Trap. ANL Neg. No. 103-P5007. 
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A . - SODIIM INLET B - SOOIUM OUILET (7 in. behind sodium . " l e t see Fig. I . I ) C - - KaK OUTLET D - HaK IHLET 

Fig. 1.2. Isodosic Map of EBR-II Primary Cold Trap Made from Radiation Survey of 
Marcll 25-29, 1971; Values in mR/ht. ANL Neg. No. 103-P5008 Rev. 1. 

the ou t s ide of the tube while s t a t i c s o d i u m at the s a m e t e m p e r a t u r e c o n t a c t e d 
the i n s i d e . The s ec t i ons of the tube r e c e i v e d for e x a m i n a t i o n w e r e d a r k , but 
no obvious c o r r o s i o n p roduc t was noted on the OD. 

U l t r a s o n i c t r e a t m e n t in a d e g r e a s i n g so lu t ion of m e t h a n o l -
benzene r e l e a s e d a s m a l l quant i ty of b l ack f lakes f r o m the i n s i d e of the t u b e . 
T h e s e f lakes w e r e co l lec ted and e x a m i n e d . It cannot be d e t e r m i n e d if a 
s i m i l a r depos i t was on the OD, s ince the tube had b e e n wiped down a f t e r 
s o d i u m r e m o v a l with l i n t l e s s c lo ths conta in ing a m i l d c l ean ing agen t . 

The f lakes ana lyzed 51% of c a r b o n . A s p e c t r o g r a p h i c s u r v e y 
showed no s t r o n g m e t a l l i c l i n e s ; t r a c e s of u r a n i u m and t h o r i u m w e r e the 
m a j o r m e t a l l i c c o n s t i t u e n t s . An X - r a y d i f f r ac t ion p a t t e r n showed tha t the 
m a t e r i a l was a m o r p h o u s . The f l akes d i s a p p e a r e d wi thout l e av ing a r e s i d u e 
when hea ted on white a l u m i n u m oxide . 

A sec t ion of the tube was m o u n t e d in a l a the , and the OD was 
m a c h i n e d off in 0 , 0 0 2 - i n . - t h i c k c u t s . The t u r n i n g s w e r e c o l l e c t e d and a n a 
lyzed for c a r b o n and n i t r o g e n . The s u r f a c e cut t ing r e s u l t e d in o c c a s i o n a l 
r e l e a s e of a fine, b l ack powder into the a i r , wh ich r e s e m b l e d the soo ty , 
a i r b o r n e p a r t i c l e s f r o m an i m p r o p e r l y ad jus t ed a c e t y l e n e f l a m e . T a b l e 1.13 
g ives the c h e m i c a l a n a l y s e s of the la the t u r n i n g s . 

M e t a l l o g r a p h i c s p e c i m e n s of the tube wa l l showed a non -
litized s t r u c t u r e , as e x p e c t e d f r o m the s e r v i c e t e m p e r a t u r e . The OD of 
:ubing had a " c a s e " of about 0.0004 in . , wh ich po l i shed d i f f e ren t ly f r o m 

No s u c h " c a s e " w a s found on the ID. 

sens 
the tubing 
the r e s t of the tube 
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TABLE 1.13. Chemical Analyses of Turnings from the IHX Drain Tube 

Depth from Or ig ina l OD, i n . Carbon, wt % Ni t rogen , wt % 

0-0.002 0.148 0.034 

0.002-0.004 0.039 0.036 

0.004-0.006 0.029 0.035 

0.006-0.008 0.028 0.034 

0.008-0.010 0.028 0.034 

The c h e m i c a l a n a l y s e s (Tab le 1.13) s t r o n g l y sugges t tha t 
the " c a s e " is due to h i g h e r c a r b o n con ten t n e a r the s u r f a c e . It s e e m s un 
l ike ly , h o w e v e r , tha t the c a r b o n e n r i c h m e n t at the s u r f a c e of the OD is due 
to the p r e s e n c e ot the c a r b o n a c e o u s r e s i d u e . The t h i c k n e s s of the " c a s e " 
i s o v e r tw ice the m a x i m u m dep th tha t the da ta of A g a r w a l a et a l . * would 
p r e d i c t for c a r b o n diffusion at t h i s t e m p e r a t u r e . F u r t h e r , no " c a s e " is 
d i s c e r n i b l e on the ID, even though the b l ack r e s i d u e was at a m a x i m u m 
t h e r e . 

The s a m e a r g u m e n t c o n c e r n i n g dep th of p e n e t r a t i o n could 
be m a d e if the s o u r c e of the " c a s e " was a s s u m e d to be c a r b o n t r a n s p o r t e d 
f r o m the f e r r i t i c - a l l o y s t e a m g e n e r a t o r . F u r t h e r , c a r b o n r e s i d u e d e p o s i t e d 
on the s u r f a c e f r o m the s o d i u m would he. expec t ed to be 100% c a r b o n , not 
about 50%. T h u s , it s e e m s l ike ly tha t the tubing a c q u i r e d th i s " c a s e " du r ing 
f a b r i c a t i o n hea t t r e a t m e n t , when the t e m p e r a t u r e was m u c h h i g h e r . S i m i 
l a r " c a s e s " have b e e n o b s e r v e d f r equen t ly on o t h e r a s - r e c e i v e d tubing . 
The c a r b o n a c e o u s r e s i d u e m a y have r e s u l t e d f r o m the d e c o m p o s i t i o n of a 
l u b r i c a n t or p r e s e r v a t i v e on the tube a s i n s t a l l e d . 

The o v e r a l l condi t ion of the tube was exce l l en t ; no s ign i f i 
cant d e t e r i o r a t i o n was ev ident . 

b . S u r v e i l l a n c e of M a t e r i a l s for H i g h - t e m p e r a t u r e E x p e r i m e n t s . 
D. W. C i s s e l and W. E. R u t h e r (Not p r e v i o u s l y r e p o r t e d ) 

F a b r i c a t i o n of the f i r s t M a r k - K l m a t e r i a l s - i r r a d i a t i o n s u b 
a s s e m b l y was c o m p l e t e d , and the s u b a s s e m b l y was loaded wi th T y p e s 304, 
304L, 316, and 3 I 6 L s t a i n l e s s s t e e l s p e c i m e n s . The s u b a s s e m b l y e x p o s e s 
t h e s e s p e c i m e n s to flowing p r i m a r y s o d i u m at 1250°F. It a c h i e v e s t h i s h igh 
t e m p e r a t u r e by us ing g a m m a hea t ing of t h e r m a l l y i n s u l a t e d s t a i n l e s s s t e e l 
s u s c e p t o r s . 

*R. P. Agarwala, M. C. Nail<, M. S. Anaud, and A. R. Paul, Diffusion of Carbon in Stainless Steels, J. Nucl. 
Mater. 36, pp. 41-47 (1970). 
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Because of uncertainties in calculating gamma heating, tem
perature monitors were incorporated immediately adjacent to the speci
mens. Four types of monitors a re used in this first experiment. Two of 
the types are based on the difference in the expansions of stainless steel 
and sodium, one on the irradiation damage of silicon carbide powder, and 
the fourth type on the melting of selected alloy wires . 

The completed subassembly is undergoing nondestructive accept
ance tests at the EBR-II site. 

c. Assistance to Sodium Technology: CCTL Evaluation. 
D. W. Cissel and S. Greenberg (Not previously reported) 

The Core Component Test Loop (CCTL) is a large, high-
temperature sodium facility operated by the Engineering and Technology 
Division. A 6300-hr, 1100°F test of an F F T F Mark-II subassembly has 
recently been completed, and it is important to know if this tes t degraded 
the mechanical properties of the Type 304 stainless steel ma te r i a l of 
construction. 

Accordingly, tensile specimens machined from 5 in.. Schedule 10, 
Type 304 stainless steel pipe exposed in the loop sodium during testing of the 
Mark-II subassembly were tested at room temperature (in air) and at 1060°F 
(in vacuum). The purpose was to compare these resul ts with resul ts of 
similar tests on identical mater ia l obtained after a previous 3500-hr ex
posure at 1050°F. 

Table 1.14 summarizes the results of both se r ies of t es t s . It is 
apparent that there has been no serious degradation of proper t ies . 

TABLE 1.14. Results of Tensile Tests of CCTL Samples 

Tested at Room Temperature Tested at 1060°F 

Ultimate Yield Ultimate Yield 
Exposure^ Strength, psi Strength, psi Elongation, % Strength, psi Strength, psi Elongation, % 

3500 hr at 1050°F 96,000 31,000 42 54,000 31,000 26 

3500 hr at 1050°F 
+ 6300 hr at 1100°F 93,000 47,000 41 53,000 27,000 29 

Additional exposure of about 1200 hr at a temperature somewhat above >.700''F should be added to each exposure listed. 

The work described here is part of an overall program being 
carried out in cooperation with the Engineering and Technology Division, the 
Materials Science Division, and the Chemical Engineering Division. 
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3. M e t a l D r i v e r F u e l D e v e l o p m e n t and App l i ca t ion . C. M. W a l t e r (02-145) 

a. M a r k - I A F u e l . N. J . O l son ( L a s t r e p o r t e d : A N L - 7 7 9 8 , p . 24) 

(1) D i a m e t e r B e h a v i o r of I m p a c t - b o n d e d Vendor F u e l at 
1.8 at . % B u r n u p , for 50- and 62 .5-MWt O p e r a t i o n . T a b l e 1.15 l i s t s r a n g e s 
of m e a s u r e d v a l u e s of ADj-^ax/Do ^°^ M a r k - I i m p a c t - b o n d e d AGC d r i v e r -
fuel e l e m e n t s a t a m a x i m u m b u r n u p of ~1.8 a t . %. The t a b l e a l s o g ives 
s t a t i s t i c a l p a r a m e t e r s deve loped f r o m the v a l u e s . The da ta have b e e n u s e d 
to c o m p a r e the p e r f o r m a n c e of the e l e m e n t s at 50 and 62.5 MWt. 

The p r e i r r a d i a t i o n d i a m e t e r s of the e l e m e n t s in S u b a s s e m 
b l i e s C-2266 (50 MWt) and C-2267 (62.5 MWt) w e r e not m e a s u r e d . I n s t ead , 
they w e r e c a l c u l a t e d by a c o m p u t e r f i t t ing r o u t i n e tha t a s s u m e s the d i a m 
e t e r in the p l e n u m r eg ion to be unchanged wi th i r r a d i a t i o n . 

The p r e i r r a d i a t i o n d i a m e t e r s of the n ine e l e m e n t s l i s t ed 
in T a b l e 1.15 for S u b a s s e m b l i e s C-2255 , C-2256 , and C-2257 w e r e m e a s u r e d . 
F r o m t h e s e and c o m p u t e r - f i t t e d D Q ' s for s ix e l e m e n t s in e a c h of the t h r e e 
s u b a s s e m b l i e s whose D Q ' S had not b e e n m e a s u r e d , the a v e r a g e b i a s i n g 
effect was found to be 

A D A c ^ t - l / D o = 1 . 1 2 A D F i t ^ / D o (1) 

when A D ^ ^ ^ ^ / D Q > 0 . 3 % . The AD^j^^x/l^o v a l u e s l i s t ed for S u b a s s e m 
b l i e s C-2266 and C-2267 in Tab le 1.15 w e r e ad jus ted in a c c o r d a n c e wi th 
Eq . 1. Note tha t t he b i a s i n g effect shown by Eq. 1 p e r t a i n s only to th i s set 
of da ta ; the effect could be d i f fe ren t for o the r e l e m e n t s . T h e r e f o r e , m e a s 
u r e m e n t s of a c t u a l A D Q ' s be fo re i r r a d i a t i o n a r e n e c e s s a r y for a c c u r a t e 
i n t e r p r e t a t i o n of d i a m e t e r da t a . 

No t r e n d in A D J ^ ^ ^ ^ D Q as a funct ion of p e r c e n t a g e e x p o s u r e 
at 62.5 MWt was o b s e r v e d for S u b a s s e m b l i e s C - 2 2 5 5 , C-2256 , and C - 2 2 5 7 . 
Al though not noted in Tab le 1.15, the r a n g e for the s ix e l e m e n t s in t h e s e 
s u b a s s e m b l i e s whose D Q ' S had not been m e a s u r e d fel l wi th in the t a b u l a t e d 
s t a t i s t i c a l r a n g e s when the f i t ted ADj.j^g.x/l-'o v a l u e s w e r e ad jus t ed a c c o r d i n g 
to Eq . 1. Al though the da t a for C-2255 fal l wi th in the A D J ^ ^ ^ J / D Q d i s t r i b u t i o n 
for C-2266 , da ta f r o m o t h e r s u b a s s e m b l i e s i r r a d i a t e d at 62.5 MWt i n d i c a t e 
tha t no g e n e r a l c o n c l u s i o n could be m a d e f r o m th i s o b s e r v a t i o n . The da ta 
for C - 2 2 5 5 , C-2256 , and C-2257 w e r e g rouped to b e t t e r c o m p a r e t h e m with 
da ta for C-2267 and C - 2 2 6 6 . The g rouped a v e r a g e s and s t a n d a r d dev i a t i ons 
a r e t a b u l a t e d in T a b l e 1.15. 

The s t a t i s t i c a l f o r m for t he r e p r e s e n t a t i v e f r e q u e n c y of 
o c c u r r e n c e of a g iven A D m a x / D o ^as a s s u m e d to be d e s c r i b e d by a WeibuU 
d i s t r i b u t i o n * tha t h a s the g e n e r a l f o r m 

*W. WeibuU, A Statistical Distribution Function of Wide Applicability, J. Appl. Mech. 1£, 293 (1951). 



4:̂ ^ Arr Marit-TA Driver-fuel Elements 
TABLE 1.15. AD„^ /D^ and Statistical Parameters for AGC Mark 

C-2266 

7. Expo- Number of ^^^ ESE^ __ _ H " / ; g^^-

Subassembly sure at Elements Measured , „ _ - « , („^ a % 957. Median 5% AD^ax/Do = =<• -̂ ^°^' 
No. 62.5 MWt Measured AD^a^/Dp. /• ADmax/Do - "» '' "-^' ' 

U ' 0.470 0.535 0.585'^ 

,0 0..30-0.630^ 0.503 0.119 B = 5.34 6.78 9.91 0.499 

l̂ R = 1.03 1.07 1.24 J 

rn = 0 .591 0.678 0.744^ 

0.419-0.720 0.566 0.151^ fn = 0.638 0.807 0 .935 | ^_^^^ ^_^^^ 

3 0.582-0.759 0.681 0 . 1 3 4 U 6 = 2.98 3.85 5.90 J (^.730)'^ (0.198)'^ 

3 0.805-1.027 0.943 O.I2oJ [ R = 0.992 0.998 1.23 J 

C-2255 73 3 

'^For assumed normal d i s t r i b u t i o n . 
^For actual d i s t r i b u t i o n using median rank: x = n r ( l + 1/6) = average 

/ = r, Q r d + 2/B) - ( r ( l + 1/B)| J = var iance 

"Based on A D ' ^ ^ ' " ^ ^ / D ^ = 1-12 AD^;^^/D^. 

'^Controlled-ftow subassembly to s imulate 62.5-MWt condi t ions a t 50 MWt. 
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F(x) = 1 - exp 

w h e r e 

a n d 

F(x) = f r a c t i o n of popula t ion <x, 

XQ = o r i g i n of the d i s t r i b u t i o n , 

r),/3 = c o n s t a n t s (>0). 

Th i s f o r m is m o s t g e n e r a l in tha t it wi l l fit any s i n g l e - p e a k d i s t r i b u t i o n . 
Al l the c o n s t a n t s w e r e d e t e r m i n e d n u m e r i c a l l y , u s ing r a n k s t a t i s t i c s * to 
t ake into a c c o u n t the l i m i t e d s a m p l e s i z e s . The n u m e r i c a l f i t s of da ta w e r e 
jus t a s good when XQ = 0 a s when XQ was a l lowed to v a r y . H e n c e , the 
f i t ted c o n s t a n t s l i s t ed in T a b l e 1.15 w e r e b a s e d on XQ = 0. T h e s e r e p r e s e n t 
a 90% conf idence i n t e r v a l ( i . e . , 5-95% r a n k s ) . The t e r m R, a s u s e d in 
Tab le 1.15, i s the " g o o d n e s s - o f - f i t " p a r a m e t e r . 

As a p e r f o r m a n c e c o m p a r i s o n , the e x p e r i m e n t a l s c a t t e r -
bands for the da ta a r e r e p r e s e n t e d in F i g . 1.3 a long wi th o t h e r m e a s u r e 
m e n t s , and the r e s u l t s of BEMOD c a l c u l a t i o n s and of the P N L swel l ing 

MEASURED D lT t POINTS'' 

. O * "L OSIVEB FUEL 

Q £NC*PSUL*TEO UIL FUEL (S/A X068) 

OEHCtPSULATEO CENTRIFUGALLY BONDED AND DOUBLE-

TREATED AGC FUEL (S/A 1(066) 

EAT-

Q HUN-TO-FAItURE ANL FUEL WITH LOW SILICON ( 5 0 m\) 

D IHPACT-BOflDED AGC FUEL ( S / A ' s C-2255. C-2256. 
C-2257 . C-2267) 

AIHPACT-BOHDEO AGC FUEL ( 5 0 MHt) (S /A C-2266) 

OIMPACT-BONDED AGC FUEL (S/A C-2267) 

TDOOBLE-MEAT-TREATED AGC FUEL ( 5 0 MWt) 
( f r o w i r i n e r t i o n d e n s i t y ) 

• IMPACT-BONDED AGC FUEL 
( f r o m i M w r t i o n d e n s i t y ) 

• ANL DRIVER FUEL 
( f r o m i « » r t i o n d a n t i t r ) 

CALCULATID WITH BEMOD 

P 
"FOR 62.5-MWt EXPOSURE UNLESS i . , 

OTHERWISE INDICATED V / 

JBKD 

.̂ -

TOTAL AGC FUEL 

50 and 6 2 . 5 MWt , 

V ? ' 
A 
9n // 
u/ y 

"""'" 

/ .2.S -..V/ ° 
/ / / *^° **"' 

/ / ^ T O T A L ANL FUEL 

50 MWt, - - ] PNL 

^ - ^ ^ - f SWELLING 

^ ^ -^^ • ^ • ^ 6 2 . 5 MWt 

HAXIMW BURNUP. a t 1 

Fig. 1,3. Comparison of Measured and BEMOD-calculated 
^Dmax/Do for Mark-IA Fuel Elements 

*L. G. Johnson. Theory and Technique of Variation Research, p. 7, Elsevier, New Yori< (1964). 
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c o r r e l a t i o n . * The BEMOD c a l c u l a t i o n s for the AGC fuel w e r e m a d e wi th an 
a s s u m e d s t a r t i n g fue l -p in d i a m e t e r of 0.148 in. and thus r e f l e c t an e a r l i e r 
con tac t of fuel with c ladding than wi th the n o r m a l 0 . 1 4 4 - i n . - d i a pin u s e d 
in the A N L - f a b r i c a t e d fuel e l e m e n t s . Th i s l a r g e r pin d i a m e t e r w a s u s e d 
to t ake into account the o b s e r v e d U(C, O, H) s u r f a c e p h a s e on the AGC fuel 
e l e m e n t s . The cladding of a l l the fuel i s Type 304L s t a i n l e s s s t e e l . 

The conc lus ions to be g a t h e r e d f r o m the s t a t i s t i c a l and 

c o m p a r a t i v e i n t e r p r e t a t i o n s a r e a s fo l lows: 

(a) ANL fuel e l e m e n t s exhibi t s m a l l e r d i a m e t e r i n c r e a s e s 

than AGC fuel e l e m e n t s at a given b u r n u p . 

(b) T h e r e is a s igni f icant d i f f e r ence in the p e r f o r m a n c e of 
AGC fuel e l e m e n t s at 50 MWt ( S u b a s s e m b l y C-2266) and at 62,5 MWt. The 
•^Elmax/Do va lues a r e a p p r o x i m a t e l y 34% h ighe r for the r a n g e of e x p o s u r e s 
at 62.5 MWt shown in Table 1.15. 

(c) T h e r e is no s igni f icant d i f f e r ence (95% conf idence) 
be tween the data f rom con t ro l l ed - f low s u b a s s e m b l y C-2267 and the da t a 
obta ined at 62.5 MWt (from S u b a s s e m b l i e s C - 2 2 5 5 , C-2256 , and C-2257 ) . 

(d) The s t a t i s t i c a l i n t e r p r e t a t i o n s of the da t a i n d i c a t e tha t 
t h e r e i s a t endency to s a m p l e ADj^ax/l- 'o v a l u e s on the h igh s ide of s u b 
a s s e m b l y d i s t r i bu t i on . This i s ev idenced by b e t t e r f i ts be ing ob ta ined for 
the 95% and m e d i a n r a n k i n g s than for the 5% r a n k i n g s . A p p a r e n t l y , m o s t 
of the e l e m e n t s sampled a r e those o p e r a t i n g at the h i g h e s t t e m p e r a t u r e s . 

(e) The s t a t i s t i c a l i n t e r p r e t a t i o n s a r e use fu l in d e t e r m i n i n g 
the p robab i l i t y of exceeding a given ADj-nax/Oo at a m a x i m u m b u r n u p of 
-1 .8 a t . %, F o r example , on the b a s i s of the p a r a m e t e r s for S u b a s s e m 
b l i e s C-2255 , C-2256, and C-2257 , the 90%-conf idence p r o b a b i l i t y of 
obtaining a AD^^^/o^ > 1.7% at a m a x i m u m b u r n u p - 1 . 8 a t . % i s 

1.5 X l O - ' ^ s P (x =: 1.7%) £ 8.5 X 1 0 ' ^ 

This example is p a r t i c u l a r l y r e l e v a n t , b e c a u s e 1.7% r e p r e s e n t s the l a r g e s t 
ADmax/Do for AGC fuel e l e m e n t s o b s e r v e d to d a t e . One e l e m e n t had t h i s 
ADmax/Do; it had been i r r a d i a t e d to a m a x i m u m b u r n u p of 2.4 a t . % in 
S u b a s s e m b l y X068. Ne i the r th i s e l e m e n t no r any o t h e r AGC M a r k - I A e l e 
m e n t has fai led; t h e r e f o r e , a A D j ^ a x / O o of 1.7% d o e s not n e c e s s a r i l y i m p l y 
f a i l u r e . 

*T. T. Claudson, R. W. BaAer, and R. L. Fisii, Tlie Effects of Fast Flux Irradiation on tlie Meclianical 
Pioperties and Dimensional Stability of Stainless Steel, Nucl. Appl. and Technol. g, p. 10 (July 1970). 
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b . Advanced F u e l (Mark II). G. L. Hofman ( L a s t r e p o r t e d : 
A N L - 7 8 2 5 , p . 1.21) 

(1) Swell ing of Cladding of M a r k - I I F u e l E l e m e n t s . I m m e r s i o n -
d e n s i t y m e a s u r e m e n t s p e r f o r m e d by the ANL M a t e r i a l s Sc i ence Div i s ion on 
T y p e s 316 and 304L s t a i n l e s s s t e e l c ladding of M a r k - I I e l e m e n t s c o n f i r m 
the p r e s e n c e of c r e e p a s a c o m p o n e n t in the d e f o r m a t i o n of the Type 304L 
c l add ing . Within the u n c e r t a i n t y in ADj^ax /Do v a l u e s , t h e r e a p p e a r s to be 
no c r e e p in the Type 316 c l add ing . 

Tab le 1.16 and F i g . 1.4 show the AD/D^ due to swe l l ing , a s 
c a l c u l a t e d f r o m the i m m e r s i o n - d e n s i t y m e a s u r e m e n t s , and the t o t a l A D / D Q 
a s m e a s u r e d . The l a s t co lumn of the t ab l e l i s t s the A D / D Q due to c r e e p . 

lABLE 1.16. Comparison of Measured Total AD/D with Diameter Increases 
Obtained from Immersion Densities 

Maximum Cladding 
Neutron Material 

Maximum Fluence (Type of Fuel 
Subassembly Element Burnup. (E > O.I MeV), Stainless Enrichment, 

Steel) 7. at. Z I022 n/cm2 

Total 
iD/Do due to aD/Dg 
Swelling, Measured, AD/DQ due to 

aV/Vo,^ X % % Creep, % 

X071 

X071 

C-2203S 

C-2203S 

218 

219 

6A 

54 

6.6 

5.5 

3.2 

3.2 

4 .0 

4 .0 

2.9 

2.9 

304L 

304 L 

304L 

316 

4.69 

3.92 

1.49 

0.62 

1.56 

1.31 

0.49 

0 .21 

2.24 

1.72 

0.84 

0.29 

0.68 

0.41 

0 .35 

0 .08 

From immersion-density nieasuremencs. 

Assumed to be 1/3 the volume change measured by Immersion dens 

O TYPE 316 SS: 

• TYPE 316 SS; 

D TYPE 3 W SS: 

• TYPE 3(W SS: 

( t r o - xm»T% 

• 

HE»SUREO TOT*L ap/Dj, 

on/Dp DUE TO SWELLING ONLY 

HEtSURED TOTAL ^DlO^ 

AO/OQ DUE TO SWELLING ONLY 

on densities) 

Harkness — - B - — - " \ ^ 

D 

• 

D 

D 
• 

• 

^ y i - WADCO 

" 

" 
PNL — j ^ . ^ ^ ' ' ^ ^ 

• 

MAXIMUM FLUENCE, lO" n/cm^ 

Fig. 1.4. Increase in Diameter of Cladding of Mark-II Fuel 
with Irradiation; Curves Show Swelling as Calcu
lated with Three Models Used in BEMOD Code 
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In addi t ion to showing the p r e s e n c e of c r e e p , the da ta i n d i c a t e tha t t he 
swel l ing b e h a v i o r s of Types 31 6 and 304L s t a i n l e s s s t e e l a r e d i f f e r en t . 
None of the swel l ing m o d e l s u s e d in the BEMOD m o d e l i n g code d i s t i n g u i s h e s 
b e t w e e n the two types of s t e e l . The d i a m e t e r i n c r e a s e s due to swe l l i ng a s 
c a l c u l a t e d by t h r e e r e c e n t m o d e l s (WADCO, P N L , and H a r k n e s s ) * a r e 
shown in F i g . 1.4 for c o m p a r i s o n . At the h i g h e r f l uence , the m e a s u r e d 
swel l ing of Type 304L s t a i n l e s s s t e e l i s s u b s t a n t i a l l y h i g h e r than the c a l 
cu la t ed swe l l ing . Di f fe rences in t e m p e r a t u r e a r i s i n g f r o m d i f fe ren t fuel 
e n r i c h m e n t s m a y account for s o m e of the d i f f e r ence b e t w e e n the two s e t s 
of points at the f luence of 4 x l O " n / c m ^ (The lower se t of po in t s i s for an 
e l e m e n t conta ining 80%-enr i ched fuel, the u p p e r se t for one con ta in ing 
93%-enr i ched fuel.) However , loca l v a r i a t i o n s in flux m a y a l s o be i m p o r t a n t . 

The few dens i ty da ta c o l l e c t e d to da t e show tha t s ign i f i can t 
d i s c r e p a n c i e s a r e p r e s e n t be tween c a l c u l a t e d and m e a s u r e d swe l l ing of the 
c ladding of EBR- I I d r i v e r fuel. Add i t iona l d e n s i t y d e t e r m i n a t i o n s and 
f luence m e a s u r e m e n t s a r e being m a d e on c ladding m a t e r i a l f r o m o t h e r 
M a r k - I I s u b a s s e m b l i e s . T h e s e m e a s u r e m e n t s should h e l p p r o v i d e t he 
n e c e s s a r y in fo rma t ion to deve lop an e m p i r i c a l m o d e l for s t a i n l e s s s t e e l 
swel l ing that can be used in BEMOD c a l c u l a t i o n s for d r i v e r fuel . 

c. Su rve i l l ance Support . J . P . B a c c a , N. R. G r a n t , 
A. K. C h a k r a b o r t y , and G. C. M c C l e l l a n ( L a s t r e p o r t e d : 
A N L - 7 8 2 5 , p . 1.32) 

S u m m a r i z e d h e r e is the p o s t i r r a d i a t i o n s u r v e i l l a n c e w o r k 
p e r f o r m e d under the v a r i o u s p r o g r a m s of th i s t a s k . 

(1) M a r k - I A F u e l E l e m e n t s f r o m S u r v e i l l a n c e S u b a s s e m b l i e s . 
E l e m e n t s f rom the following l i s t ed s u b a s s e m b l i e s w e r e d i a m e t e r - m e a s u r e d 
(with the DR-25 op t ica l gauge) and b o n d - t e s t e d . T h e s e s u b a s s e m b l i e s w e r e 
r e c e i v e d f r o m the r e a c t o r and d i s m a n t l e d in the F E F d u r i n g t h i s r e p o r t i n g 
pe r iod . The s u b a s s e m b l y n u m b e r s (and t h e i r p e a k b u r n u p s ) a r e a s fo l lows: 
C-2255 (1.71 a t . %), C-2256 (1.71 at . %) , C-2257 (1.76 a t . %) , C-2277 
(1.64 a t . %), C-2295 (1.37 a t . %), and C-2297 (1.50 at . %) . 

(2) T e s t s of F u e l Cladding in the B R A T T . F o u r t e e n c l add ing 
s a m p l e s w e r e sec t ioned f rom seven M a r k - I A fuel e l e m e n t s s e l e c t e d f r o m 
S u b a s s e m b l i e s B-3120 and B-3122 , and the d i a m e t e r s of the s a m p l e s w e r e 
m e a s u r e d in p r e p a r a t i o n for t e s t i ng wi th the B R A T T (b iax ia l r u p t u r e -
an t ic ipa t ing tubing t e s t e r ) . E igh t een o t h e r s a m p l e s f r o m nine e l e m e n t s 
f rom the s a m e s u b a s s e m b l i e s have b e e n t e s t e d in the B R A T T , and t h e i r 
d i a m e t e r s w e r e m e a s u r e d a f t e r the t e s t s . 

•WADCO: J. L. Straalsund and J. F. Bates, A Note on the Interdependency of Swelling Void Diameter and 
Void Number Density in Annealed AISI Type 304 Stainless Steel, WHAN-FR-15 (Oct 1970); PNL: 
T. T. Claudson, R. W. Barker, and R. L. Fish, The Effects of Fast Flux Irradiation on the Mechanical 
Properties and Dimensional Stability of Stainless Steel, Nucl. Appl. and Technol. 9_, p. 10 (July 1970); 
Harkness: S. D. Harkness and C. Y. Li, A Model for Void Formation in Metals Irradiated in a Fast-neutron 
Environment, ANL-7588 (Aug 1969). 
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C. Engineering 

1- Systems Engineering. B. C. Cerutti (02-068) 

a. Surveillance, Evaluation, and Studies of Systems (Last reported: 
ANL-7825, p. 1.34) 

(1) Replacement of Control-rod Thimble ( j . B. Waldo). During 
routine fuel handling for Run 49F, a subassembly could not be inserted into 
grid position 5E4. This position is between the No. 4 and 5 control-rod 
thimbles. Neither of these thimbles had ever been replaced. Several 
attempts to insert different subassen:iblies in position 5E4 were unsuccess
ful. The No. 4 thimble was then selected for replacement. The scalloped 
dummy subassemblies were installed in the surrounding positions, and the 
thimble was removed and t ransferred to the FEF without difficulty. A new 
thimble was installed, and the reactor was returned to operation. 

Visual examination of the No. 4 thimble in the FEF air cell 
revealed that the hexagonal can of the thimble had increased in length suf
ficiently to project above the hexagonal cans of the surrounding subassem
blies. Deformed a reas , made by the core-holddown mechanism, were 
evident on the top edges of all six flats of the thimble. Rather bad score 
marks were also apparent on the flats of the core region, where irradiation 
swelling had occurred. An evaluation is being made to decide whether all 
original thimbles in the reactor should be replaced soon. 

2. New Subassemblies and Experimental Support. E. Hutter (02-046) 

a. Experimental- irradiat ion Subassemblies (Last reported: 
ANL-7758, p. 34) 

(1) Mark-J19A and Mark-J37A Irradiation Subassemblies 
(R. V. Batch and O. S. Seim). The Mark-J19A irradiation subassembly is 
an improved design of the Mark-J19 irradiation subassembly (see ANL-7618, 
p. 25). Design of the Mark J19A was initiated to simplify remote assembly 
and disassembly. The Mark J37A is a duplicate of the Mark J19A, except 
for the number and size of the test capsules. The Mark J19A uses 19 test 
capsules, each 40 in. long by 0.375 in. OD and wrapped with 0.030-in.-dia 
spiral spacer wire to give a pi tch-to-diameter ratio of 1.08. The Mark J37A 
uses 37 test capsules, each 40 in. long by 0.250 in. OD and wrapped with 
0.040-in.-dia spi ra l spacer wire to give a pi tch-to-diameter ratio of 1.08. 

Both subassemblies, shown in Fig. 1.5, are vehicles for 
testing cladding mater ia l s at h igher- than-normal reactor t empera tures . 
An annular gas plenum allows higher element-bundle tempera tures while 
flow orifices control the bypass flow to give the desired subassembly exit 
temperature after the capsule and bypass flows mix. 
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TEST CAPSULE 

J19&: 40" l o n g . 0 . 3 7 5 " 0 0 , 

with o.o3o"-dia 
wire spocer 

J37A-. 40" long X 0 . 2 6 0 " 0 0 , 

w i t h 0 . 0 4 0 " - d i a 
wire spocer 

M;DDUE HEX TUBE 

BYPASS FLOW 

OUTER HEX TUBE 

JI9A J3rA 

CAPSULE-FLOW ORIFICE PLATE 

ENLARGED SECTION OF HEX-TUBE ASSEMBLY 

.TOTAL-FLOW ORIFICE (OPTIONAL) 

Fig. 1.5. EBR-

RADIATION SHIELD I - " * " « " " " 

BYPASS-FLOW ORIFICES 

BYPASS FLOW 

II Ma*-I19A and Matk-J37A Inadiation Subassemblies. ANL Neg. No. 104-86 Rev. 1. 
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Only the top fixture and the lower adapter of the subassem
blies are standard hardware i tems. Within the outer hexagonal tube is an 
inner hexagonal-tube assembly, a double-walled structure consisting of an 
inner hexagonal liner within a specially constructed hexagonal tube (called 
the middle hex tube in Fig. 1.5). This construction provides a sealed annu
lar space between the inner liner and lower portion of the middle hexagona^ 
tube that extends from 2 in. above the reactor core to the grid. Argon gas 
trapped in this annulus when the subassembly is loaded into the reactor 
serves as insulation for the capsules. The walls of the inner liner and of 
the lower section of the middle hexagonal tube are stepped to provide a 
0.0l6-in.-wide gas annulus throughout the length of the core and a 0.032-in.-
wide annulus between the core and the grid. 

The liner and the middle hexagonal tube are designed to 
expand and contract independently without exceeding the allowable s t r e s s . 

Sodium coolant enters the lower adapter through the standard 
inlet holes in the adapter and passes up through the shield. At the top of the 
shield, orifices divide the flow into bypass flow and capsule flow. The bypass 
flow passes through six radial orifice holes in the shield. These holes are 
sized to provide a subassembly exit temperature about equal to that of the 
adjacent subassemblies when the bypass flow mixes with the hotter flow 
from the capsules. The bypass flow passes through the annulus between the 
outer hexagonal tube and the middle hexagonal tube and enters the mixing 
section of the subassembly, which is immediately above the upper ends of 
the test capsules. 

The capsule flow passes through an orifice plate at the top 
of the radiation shield and enters the capsule bundle. The holes in the 
orifice plate a re sized to provide the desired capsule temperature . After 
passing through the capsule bundle, the flow enters the mixing section, 
where it mixes with the cooler bypass flow. 

Mixing is accomplished when the bypass flow leaves the 
annular passage through 96g-in.-dia holes and enters the mixing section. 
The holes a re sized and positioned to create a turbulent, swirling action 
within the mixing section. Photographic studies were made of the mixing 
process during development of the Mark-C irradiat ion subassembly, which 
uses the same mixing arrangement . These studies indicate complete blend
ing of the capsule and bypass flows before they reach the top end fixture of 
the subassembly. 

Both the Mark J19A and the J37A were flow-tested in the 
pressur ized-water test loop. To'ensure accurate data, the loop was p re 
viously calibrated with a standard core subassembly used as a calibration 
reference. Table 1.17 lists the standard values for each row. The first 
se r ies of tes ts was made to determine the p ressure drop across the radi 
ation shield and lower adapter in each row position and at different flows. 
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F o r t h e s e t e s t s , only the lower a d a p t e r , r a d i a t i o n sh ie ld , o u t e r h e x a g o n a l 
tube , and top end f ix ture w e r e u sed . R e s u l t s for e a c h da ta point w e r e c o n 
v e r t e d to sod ium-f low v a l u e s a t 800°F. F i g u r e 1.6 shows the r e s u l t s of 
t h e s e t e s t s . 

TABLE 1.17. Reference Flow-test Values for EBR-II 
Standard Subassembly 

Reactor 

1 and 

3 

4 

5 

6 

Row 

2 

Effective Pressure 
Drop,^ psi 

38 -

39 

34.5 

34.0 

40.8 

Flow of 800°F 
Sodium, gpm 

140.5 

123.3 

93.7 

78.0 

31.0 

with depleted-uranium radial blanket in reactor. 

Fig. 1.6 

Pressure Drop vs Flow across Lower 
Adapter and Shield of Mark-J19A 
and Mark-J37A Subassemblies 

SOOIUM FLOW, j w i al B(M*F 
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A fully assembled subassembly was used in the second 
ser ies of tes t s , but the bypass holes were eliminated from the radiation 
shield so all flow would go through the capsule channel. The p ressu re drop 
ac ross the capsule-flow orifice plate was recorded at various flow ra tes 
for both the 19- and 37-capsule subassemblies. The size of the holes in the 
orifice plate was varied from 1/16 to 9/32 in. in l /32- in . increments . F ig
ure 1.7 shows the p ressu re -d rop versus flow character is t ics of the capsule 
orifice plate and capsule bundle for the 19-capsule subassembly. Figure 1.8 
shows the corresponding character is t ics for the 37-bundle subassembly. 

In a third ser ies of tes ts , a fully assembled subassembly was 
again used, but this time the orifice plate was left undrilled to allow only by
pass flow. The size of the bypass orifice holes was varied from 1/16 to 
9/32 in. in l /32- in . increments . Figure 1.9 shows the resul ts of these t es t s . 

Both the Mark J19A and the J37A provide many combinations 
of bypass and capsule flows, thereby allowing a wide range of experiments at 
elevated tempera tures . The hole sizes for both the bypass- and the capsule-
flow orifices that will produce the capsule flow necessary to satisfy a par
ticular experiment can be readily determined. 

-
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and Capsule Bundle of Mark-J19A Subassembly 
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PUBLICATIONS 

Eddy C u r r e n t I n s p e c t i o n Techn ique for De tec t ion of C r a c k s in I r r a d i a t e d 
F u e l E l e m e n t Cladding 

W. N. Beck 
M a t e r . E v a l . 29, 25A-26A (July 1971) Note 

Effec t of B o r o n on the Duc t i l i ty and S t r e n g t h of Incone l 600 and T y p e s 304 
and 316 S t a i n l e s s S tee l a t Hot M e t a l w o r k i n g T e m p e r a t u r e s 

A. K. C h a k r a b o r t y , C. K. H. Du B o s e , * and W. R. M a r t i n * 
O R N L - T M - 3 3 1 6 (May 1971) 

Oak Ridge National Laboratory. 
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II. LMFBR DESIGN SUPPORT 

A. Heat Transfer and Fluid Flow. R. P. Stein (02-097) 

Analytical and experimental investigations of liquid-metal heat 
transfer and fluid flow in components and systems are conducted to pro
vide information of immediate interest to the F F T F and LMFBR Prog rams . 
Fundamental studies in heat transfer and fluid flow also are conducted to 
improve current , or to devise new, engineering prediction methods essen
tial to the advancement of reactor technology in general. 

1. LMFBR Flow Stability Studies. R. R. Rohde 

This activity covers (l) the acquisition and analysis of experimental 
data on the vaporization and superheating of sodium in operating ranges 
(pressures , flow ra tes , tempera tures , and equivalent diameters) and flow 
circuits of interest to the LMFBR Program; and (2) the determination, by 
both experiment and analysis, of two-phase flow phenomena related to flow 
stability. An LMFBR Simulation Heat Transfer Loop is being constructed 
for the experiments. 

a. Preparat ion of Apparatus (Last reported: ANL-7833, p. 2.2) 

The status of construction of the LMFBR Simulation Heat Trans
fer Loop is as follows: The 15 temperature controllers for the t race heating 
system were installed in the controller panel. Louvers for the loop-
enclosure cooling system were installed, and the air operators used to open 
or close the louvers were checked for proper performance. Other installa
tions completed included thermocouples for monitoring air temperature 
from the heat exchanger, and protective enclosures which allow ventilation 
around electrical equipment such as autotransformers for loop equipment 
and filament t ransformers for the electron-bombardment heaters . 

Supporting analytical work completed included: (l) calculation 
of final p r e s su re -ve r sus -d rop flow character is t ic curves for the unheated 
portion of the test section; and (2) calculation of the possibility of subcooled 
boiling in the heated section. Data from the latter calculation are being 
analyzed. 

2. Nonboiling Transient Heat Transfer . R. P. Stein 

The objective of this activity is to develop improved engineering pre 
diction methods to account for nonboiling forced-convection heat transfer in 
ducts during t ransients . 

a. Analysis of Heat-flux Transients (Last reported: ANL-7833, p. 2.2) 

A careful review was made of previously unsuccessful attempts 
to apply the new prediction methods to a sample case in which heat generation 
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within the walls is specified. One significant numerical e r ro r was discov
ered and corrected. Several alternate formulations to account for the inlet 
condition were considered. However, as before, attempts to use the com
puter program that is based on the new prediction methods resulted in 
numerical instabilities. 

Additional analysis leads to the consensus that the difficulty 
lies within the numerical methods used in the computer program. 

3. Liquid-metal Heat Transfer in Pin Bundles. T. Ginsberg 

The objectives of this activity are to: (1) develop and evaluate ana
lytical models for predicting steady-state temperature distributions in 
LMFBR fuel assemblies, and (2) develop empirical data and correlat ions 
for use in the analytical models. The latter objective includes development 
of a model that describes the interchannel-mixing mechanism in fuel assem
blies containing helical-wire-wrapped fuel elements. 

a. Analytical Investigations (Last reported: ANL-7776, p. 83) 

A modified version of the swirl-flow model for fuel assemblies 
containing helical spacers has been applied to the EBR-II. This evaluation 
is being carried out with the cooperation of T. Bump (MSD) and AUA Sum
mer Engineering Practice School participants. 

4. Electron Bombardment Heater (EBH) Development. R. D. Carlson 

Electron-bombardment (EB) heaters are being developed to supply 
heat fluxes greater than 1.5 x lO*" Btu/(hr)(ft^) to liquid metals . These 
heaters will be used as backups to resistance-type heaters in various heat-
transfer and reactor-safety experiments pertinent to the LMFBR Program. 
Current effort is directed toward EB pin-type heater test sections contain
ing simulated LMFBR fuel pins for use in these experiments. Such heaters 
( l /4- in . OD X 24 in. long) have supplied heat fluxes up to 2.3 x 10^ Btu/ 
(hr)(ft^) to water. 

a. MHD Characterist ics of EB-versus-Resis tance- type Heaters 
(Last reported: ANL-7825, p. 2.5, under Preparat ion of 
Single Pin) 

A computer program has been written for calculating the mag
netohydrodynamic characterist ics of var ious-s ized bundles of electrically 
heated pins (up to 37 pins) at heat fluxes up to 10^ Btu/(hr)(ft^). 

5. Heat Transfer in Liquid-metal-heated Steam Generators. D. M. France 
(Last reported: ANL-7833, p. 2.3) 

A detailed description of the operational character is t ics of the test 
loop was prepared and reviewed at a design review meeting held on 
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J u n e 28, 1971. The loop is be ing r e a d i e d for e x p e r i m e n t s on a c o n c e n t r i c , 
d o u b l e - p i p e , m e r c u r y - b o i l i n g F r e o n - h e a t - e x c h a n g e r t e s t s e c t i o n at cond i 
t ions a p p r o x i m a t i n g L M F B R s o d i u m - w a t e r s t e a m g e n e r a t o r s . As a r e s u l t 
of the d e s i g n r e v i e w , s e v e r a l add i t ions wil l be m a d e to the loop , p r e d o m i 
nant ly to the m e r c u r y flow c i r c u i t . The F r e o n flow c i r c u i t is be ing 
l e a k - t e s t e d . 

The c o m p u t e r code for p r e d i c t i n g t e s t condi t ions was s u c c e s s f u l l y 
e x e c u t e d . R e s u l t s ind ica te tha t two p h a s e s of t e s t i n g p r o b a b l y wi l l be n e c 
e s s a r y . One p h a s e wi l l focus on m e a s u r i n g the d e p a r t u r e f r o m n u c l e a t e 
boi l ing condi t ion (DNB) and loca l boi l ing h e a t t r a n s f e r . The o t h e r p h a s e 
wi l l a t t e m p t to r e p r o d u c e the A L C O - B L H s t e a m g e n e r a t o r t e s t s e r i e s at 
L M E C , du r ing which a n o m a l o u s " f l ip s" w e r e o b s e r v e d . 

B . E n g i n e e r i n g M e c h a n i c s . G. S. R o s e n b e r g (02-099) 

S t r e s s - a n a l y s i s m e t h o d s b a s e d on v a r i o u s con t inuum t h e o r i e s a r e 
deve loped to r e s o l v e r e a c t o r d e s i g n p r o b l e m s that a r e not a m e n a b l e to con
ven t iona l e n g i n e e r i n g a p p r o x i m a t i o n s o r d i r e c t n u m e r i c a l c o m p u t a t i o n s 
employ ing g e n e r a l - p u r p o s e c o m p u t e r p r o g r a m s . S tud ies of s t r u c t u r e - f l u i d 
i n t e r a c t i o n d y n a m i c s a l so a r e conducted to deve lop new m e t h o d s of ana ly s i s 
and t e s t i n g tha t can be used by d e s i g n e r s to m i n i m i z e the po ten t i a l of d e t r i 
m e n t a l f low- induced v i b r a t i o n of r e a c t o r c o m p o n e n t s . 

1. S t r u c t u r e - f l u i d D y n a m i c s . M. W. W a m b s g a n s s 

a. P a r a l l e l F l o w - i n d u c e d V ib ra t i on . S. S. Chen and 
M. W. W a m b s g a n s s (Las t rep^orted: A N L - 7 8 3 3 , p. 2.4) 

F o r p u r p o s e s of i l l u s t r a t i o n , the r e s u l t s of the a n a l y s i s d e s c r i b e d 
in A N L - 7 8 3 3 w e r e used to s tudy the d y n a m i c c h a r a c t e r i s t i c s of tubes in the 
ATR p r i m a r y h e a t e x c h a n g e r to d e t e r m i n e the s top and p r o p a g a t i o n bands 
for m o m e n t w a v e s . A s imp l i f i ed m o d e l of the tube along wi th p e r t i n e n t da ta* 
a r e shown in F i g . II. 1. 

L,o,.J B A F F L E LOCATIONS 

TUBE MATERIAL INCONEL B - I 6 3 - 6 I T 

DIAMETER ( d ) - 0 7 5 in 
WALL T H I C K N E S S l h l 0 0 4 7 e i n 
B A F F L E SPACING (A) 3 0 in 
YOUNffS M O D U L U S ( E ) 3 0 K l O * l b / i n ^ 
M A T E R I A L D E N S I T Y ( ; ' ) 0 3 l b / i n . * 

Fig. II.1. Simplified Model of ATR Primary Heat Exchanger Tube 

*H. A. Nelms and C. L. Segaser, Survey of Nuclear Reader System Primary Circuit Heat Exchangers, 
ORNL-4399 {Apr 1969). 
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C o n s i d e r the s y s t e m as an inf ini te , p e r i o d i c a l l y s u p p o r t e d tube . 

If the bending m o m e n t at the nth s u p p o r t is Mnci"^ ' , then the bend ing m o 

m e n t at the j th suppor t will be 

(1) 
M Mn exp[icot - (j - n) ^ ] , 

w h e r e fl is the p ropaga t ion cons tan t and is a function of flow v e l o c i t y u, 
fluid p r e s s u r e v. axial force T, m a s s r a t io |3, and f r e q u e n c y Q. T h e 
p ropaga t ion cons tan t s for an ATR tube a r e shown in F i g . I I .2 , w h e r e 
r = 0 and 4 .0 , u = 0, v = 0, /3 = 0 .6852, and Q. = C D / 3 9 . 5 8 . In the p r o p 
agat ion band , the bending wave wil l p r o p a g a t e t h r o u g h the s t r u c t u r e ; in the 
s top band , the bending wave is a t t enua ted as it p r o p a g a t e s . 

-STOP BAND-|PROPAGATION_ I STOP BAND 
_ r BAND 

DIMENSIONLESS FREQUENCY (01 

Fig. II.2. Flexural Wave Propagation in Periodically Supported 
Heat-exchanger Tube of ATR Design 

Next , we ca lcu la t e the n a t u r a l f r equency of the e i g h t - s p a n tube 
as shown in F i g . U . l . Two c a s e s a r e c o n s i d e r e d : (a) u n i f o r m con t inuous 
tube ( i . e . , the s y s t e m p a r a m e t e r s a r e the s a m e in e v e r y span ) ; and (b) non
un i fo rm continuous tube ( i . e . , the d i m e n s i o n l e s s ax ia l fo rce is t a k e n to be 
4.0 in the fourth and fifth spans and z e r o in the o t h e r s ) . The f r equency 
equat ion is obtained by using the t h r e e - m o m e n t equa t ion and is so lved 
n u m e r i c a l l y . The r e s u l t s a r e given in Tab le II. 1. 

TABLE II .1 . Dimens ion less Natura l F r e q u e n c i e s of Continuous Tubes 

F i r s t P ropaga t ion Band 

Nonuniform Tube 

Second P r o p a g a t i o n Band 

Uniform Tube 

9 
10 
11 
13 
15 
17 
19 
Zl 

86 
30 
51 
ZS 
41 
71 
91 
66 

Uniform Tube Nonuniform Tube 

9.00 

10.23 

10.94 

12.94 

15.09 

17 24 

19.76 

21 .19 

39 .48 
40 .41 
4 2 , 8 4 
4 6 . 1 7 
4 9 . 9 6 
53,91 
57,63 
6 0 , 5 3 

38 ,81 
4 0 , 3 4 
42 ,16 
45 ,81 
4 9 , 5 7 
53 34 
57,46 
59 .87 
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The corresponding mode shapes of the first four modes are 
shown in Fig. II.3. Note that there are eight natural frequencies in each 

propagation band. In general , 
for a continuous tube with 
n spans, there are n natural 
frequencies in each propaga
tion band. No natural frequen
cies exist in the stop band for 
a uniform tube. However, cer
tain frequencies do exist in the 
stop band for a nonuniform 
tube; in this case, the stop 
band of one portion of the 
s t ructure may be the propa
gation band of another portion 
of the s t ructure . 

( d 1 FOURTH MODE ( SYMMETRIC 

Fig. II.3. Mode Shapes for Uniform and 
Nonuniform Continuous Tubes 

F o r e x a m p l e , for 
7.51 < n < 9.91 in F i g . I I .2 , 
the f l e x u r a l wave p r o p a g a t e s 
f r ee ly for T = 4 .0 , but is a t 

t enua t ed for r = 0. If n a t u r a l f r e q u e n c i e s ex i s t in th i s r a n g e , the shape of 
the m o d e s wi l l differ m a r k e d l y f rom that for a u n i f o r m tube ; t h e s e m o d e s 
a r e c a l l e d e n e r g y - t r a p p i n g m o d e s . T h e r e a r e two e n e r g y - t r a p p i n g m o d e s 
for the n o n u n i f o r m tube given in Tab le II. 1: Q = 9.00 and Q = 3 8 . 8 1 . The 
m o d e s h a p e for Q = 9.00 is shown in F i g . II. 3. H e r e , the abso lu t e a m p l i 
tude of the un i fo rm tube is the s a m e in each span , whi le for the nonuni form 
tube , the a m p l i t u d e s in the four th and fifth spans a r e m u c h l a r g e r than the 
o t h e r s ; a l a r g e p o r t i o n of the e n e r g y is confined in the c e n t e r two s p a n s . 
Thus if the e x c i t a t i o n s a p p r o a c h th i s p a r t i c u l a r f r equency , the v i b r a t i o n 
e n e r g y is t r a p p e d in the c e n t e r po r t ion of the tube . 

In s u m m a r y , iden t i f i ca t ion of the p r o p a g a t i o n and s top bands 
a s s o c i a t e d with an inf in i te , p e r i o d i c a l l y s u p p o r t e d tube is useful in d e t e r 
m i n i n g : (1) the f r equency bands in which the n a t u r a l f r e q u e n c i e s of a finite 
tube wi l l be found; and (2) for nonun i fo rm t u b e s , which f r e q u e n c i e s a r e 
a s s o c i a t e d with an " e n e r g y - t r a p p i n g " m o d e . 

b . C r o s s f l o w - i n d u c e d V i b r a t i o n s of C y l i n d e r s . H. Hal le and 
P . L. Z a l e s k i ( L a s t r e p o r t e d : A N L - 7 8 3 3 , p. 2.6) 

The t e s t c h a m b e r to be used for c r o s s f l o w - i n d u c e d e x p e r i m e n t s 
in the S t r u c t u r a l D y n a m i c s T e s t Loop h a s b e e n f a b r i c a t e d and h y d r o s t a t i c a l l y 
t e s t e d . D e s i g n of the c h a m b e r s u p p o r t s t r u c t u r e is 80% c o m p l e t e . 
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i n . INSTRUMENTATION AND CONTROL 

A. Instrumentation Development for Instrumented 
Subassembly. T. P . Mulcahey (02-024) 

Instruments for in-core measurement of flow, fuel and coolant tem
pera tu res , and fuel-pin p re s su re are being developed consistent with r e 
quirements defined by the EBR-II Instrumented Subassembly test program. 
Development encompasses instrument design, performance analysis, fabri
cation, and tests leading to specifications and quali ty-assurance procedures 
for procurement from commercial vendors. 

1. Instrumented Subassembly (ISA) Flowmeters . G. A. Fo r s t e r (Last 
reported: ANL-7758, p. 26) 

One of the four Mark-Ill flowmeters procured from General Electr ic 
Company has been installed in the Sodium Flowmeter Calibration Facility. 
The flowmeter will be calibrated at sodium temperatures up to 800°F. It 
will then be removed, cleaned, and stored for use in future EBR-II instru
mented subassemblies . 

2. Fuel-pin and Coolant Thermocouples. A. E. Knox (Last reported: 
ANL-7833, p. 3.1) 

Capsules No. 2 and 7, which were irradiated in EBR-II Test ISA XXOl, 
were disassembled in high-level caves and the fuel elements removed with 
the sheathed lead wires of the thermocouples intact. The sheaths were 
part ial ly stripped back to expose the alumina insulation, and the Type 308L 
stainless steel and Alumel lead wires . In'each instance, the alumina had 
changed from a white powder to a white coherent mass . This mass was 
slightly flexible, but broke if bent sufficiently. The lead wires were strong 
and flexible. Measured wire- to-wire and \vire-to-sheath res is tances were 
less than 0.2 ohm. 

The stripping operations and res is tance measurements were r e 
peated several t imes on each thermocouple and with the same resul ts . 
Apparently, the "alumina" mass is electrically conductive; samples have 
been prepared for chemical analysis to determine the cause of the low r e 
sistance. There was no evidence of shorting while the ISA was in the EBR-II. 

Photographs of metallographic sections of Capsule No. I taken in 
the region of FCTC 1 were received from EBR-II, Idaho, and are being 
examined by the staff of Engineering and Technology Division. 

Post i r radiat ion examination of the EBR-II Test ISA XX02 inlet 
thermocouple is in p rog res s . 

file:///vire-to
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B. F F T F I n s t r u m e n t a t i o n D e v e l o p m e n t . 
R. A. J a r o s s (02-025) 

P r o t o t y p e s of p e r m a n e n t - m a g n e t , e d d y - c u r r e n t , and m a g n e t o m e t e r 
p r o b e - t y p e f l o w s e n s o r s a r e being d e s i g n e d , f a b r i c a t e d , and f l owtes t ed to 
e s t a b l i s h de ta i l ed spec i f i ca t ions and d e s i g n for the F F T F p e r m a n e n t - m a g n e t 
p r o b e - t y p e f l owsenso r , and to p r o v i d e t e c h n i c a l gu idance to e n s u r e c o m p e 
tence in c o m m e r c i a l f ab r i ca t ion of p r o b e - t y p e f l o w s e n s o r s . Suppor t i ng 
t e s t s a r e conducted to d e t e r m i n e l o n g - t e r m t h e r m a l effects on p e r m a n e n t -
m a g n e t m a t e r i a l s of i n t e r e s t , and to s tudy the effects of s i m u l a t e d f i s s i o n -
gas r e l e a s e on f lowsensor r e s p o n s e . 

1. M a g n e t o m e t e r P r o b e - t y p e F l o w s e n s o r s . D. E . Wiegand ( L a s t r e p o r t e d : 
ANL-7825 , p . 3.4) 

In the g r a d i o m e t e r v e r s i o n of the f l o w s e n s o r , two opposed f luxgate 
e l e m e n t s a r e s y m m e t r i c a l l y mounted coax ia l ly wi th a s ing le field m a g n e t . 
A compu te r p r o g r a m (GRAFLOM), based on an a n a l y s i s of t h i s c o n f i g u r a 
tion, shows that s ignal l eve l s and r e q u i r e d m e c h a n i c a l and m a g n e t i c p r e 
c is ion a r e v e r y n e a r l y the s a m e as in the m a g n e t o m e t e r con f igu ra t i on 
(two m a g n e t s , one f luxgate) . 

T e s t s on a mockup of the g r a d i o m e t e r conf igura t ion h a v e d e m o n 
s t r a t e d i ts feas ib i l i ty . 

The g r a d i o m e t e r is i n s e n s i t i v e to m a g n e t i c d i s t u r b a n c e s which have 
space un i fo rmi ty , even though they m a y be t i m e - v a r y i n g . Which c o n f i g u r a 
tion is the be t t e r depends on the ambien t m a g n e t i c n o i s e cond i t i ons in the 
r e a c t o r . P r e s e n t p l ans a r e to cont inue with the m a g n e t o m e t e r v e r s i o n . 
However , s ince only a va r i a t i on in pos i t ion ing of the s a m e b a s i c e lennents 
is involved, a switch to the g r a d i o m e t e r concept could be m a d e at any t i m e . 

The fluxgate in M a g n e t o m e t e r F l o w s e n s o r No . 2 ( M F S - 2 ) r e q u i r e d 
the u s e of an ex te rna l a t t enua to r to p r e v e n t o v e r l o a d i n g of the l o c k - i n 
ampl i f i e r equipment . M o r e r e c e n t f luxgate d e s i g n s have output s i g n a l s a t 
r educed l e v e l s , but much lower exc i t a t ion r e q u i r e m e n t s . F o r e x a m p l e , in 
one of t he se un i t s , an o p t i m u m exc i t a t ion c u r r e n t of 0.38 A at 10 kHz w a s 
supplied through 35 ft of C h r o m e l - A l u m e l t h e r m o c o u p l e w i r e in a l / S - i n . - O D 
shea th . The vol tage at the sending end was 23 V. The vo l t age and p o w e r 
r e q u i r e m e n t s appea r s a t i s f a c t o r y . 

The t e s t equ ipment h a s been moved to a t r a i l e r ad j acen t to the 
Annula r L i n e a r Induct ion P u m p (ALIP) T e s t F a c i l i t y . The new l o c a t i o n 
will fac i l i ta te flow t e s t s in the t h imb le of the A L I P as wel l a s out-of-
sod ium t e s t s . 

To p rov ide i n c r e a s e d r e l i a b i l i t y in the c a l i b r a t i o n of f luxga tes and 
e l e c t r o m a g n e t s to be used in the f l o w s e n s o r , a H e l m h o l t z coil s y s t e m h a s 
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been installed. Prelinninary measurements with this system are in close 
agreement with previous measurements using a solenoid. 

Cores for electromagnets and fluxgates have been fabricated from 
Hiperco 27 (cobalt-iron material) , which has a high Curie temperature . 
These cores were annealed in argon to remove the effects of cold work. 
The postanneal blue oxide coating does not appear to have a serious effect 
on the performance in our application. If later tests show adverse effects, 
the par t s will be re-annealed in hydrogen, as recommended by the supplier. 

A fluxgate consisting of a Hiperco strip in a coil wound with high-
temperature ceramic-coated gold wire required a lower optimum excitation 
current and evidenced lower residual signal components than units with 
iron wire cores tested previously. The lower residuals reflect an increased 
sensitivity or a simplification in the signal-processing equipment, and the 
lower excitation requirement simplifies the problem of transmitt ing p r imary 
power over a long cable. 

Two electromagnets fabricated with Hiperco cores and high-
temperature coils showed lower magnetic field strengths than anticipated. 
However, the signal levels should still be adequate, part icularly in view of 
the improved sensitivity of the Hiperco fluxgates. 

C. Neutron-detector Channel Development. 
G. F . Popper (02-138) 

Development under contract with industrial vendors is focused on 
complete neutron-detection channels, including cabling and circui t ry to 
t ransmit , p rocess , and display information from high- and low-temperature 
ionization chambers and self-powered detectors in out-of-core and in-core 
regions of LMFBRs. Advanced circuitry for intermediate- and wide-range 
applications, and high-temperature neutron detectors are procured com
mercially; vendor tes ts are administered; and parameter determination 
and operational tests are performed in ANL and EBR-II nuclear- inst rument 
test facilities. 

1. Internnediate- and Wide-range Systems. G. F . Popper (Last reported: 
ANL-7825, p. 3.5) 

A prel iminary draft of RDT Standard C15-8: Direct Current Power 
Range Channel was prepared and issued to selected reviewers for comment. 
Prepara t ion of Draft RDT Standards C15-10: Logarithmic Count Rate 
Source Range Channel, and C15-6: Logarithmic MSV Intermediate Range 
Channel is in p rog re s s . 

An unnumbered Draft RDT Standard: General Nuclear Instrumenta
tion was reviewed and comments forwarded to WARD. 
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2 H i g h - t e m p e r a t u r e N e u t r o n - d e t e c t o r Techno logy . G. F . P o p p e r , A. H i r s c h , 

and G. E . Tingl ing (Las t r e p o r t e d : A N L - /8Z5, p . 3 .5 , u n d e r O u t - o f - c o r e 

D e t e c t o r s and Cab les ) 

A Draft RDT Standard C 1 5 - 7 : F i x e d , E l e c t r i c a l G a m m a C o m p e n 
sa ted Ioniza t ion C h a m b e r A s s e m b l y w a s c o m p l e t e d and f o r w a r d e d to RDT 
for r ev i ew and approva l . 

The f a i l u r e - m o d e a n a l y s i s of R e u t e r - S t o k e s (R-S) RSN-286 M401 w a s 
in i t i a ted by the vendor a p p r o x i m a t e l y two m o n t h s a f t e r the r e q u e s t was m a d e . 
A fa i lu re r e p o r t supp lement cove r ing n o n d e s t r u c t i v e t e s t s , i n c l u d m g r a d i o 
g r a p h s , p e r f o r m e d by R-S was submi t t ed to ANL. Both R - S and ANL con
clude that no obvious defec ts could be d e t e c t e d f rom the t e s t r e s u l t s . 

The d e s t r u c t i v e t e s t s w e r e w i t n e s s e d by ANL r e p r e s e n t a t i v e s . 
Dur ing d i s a s s e m b l y of the d e t e c t o r , it was o b s e r v e d that a s p r i n g w a s h e r 
w a s m i s s i n g f rom the bot tom end of the d e t e c t o r . The r e a s o n for th i s 
o m i s s i o n is not known. 

The d e t e c t o r was not d i s a s s e m b l e d with the n e c e s s a r y p r e c i s i o n to 
d e t e r m i n e , with any d e g r e e of c e r t a i n t y , the c a u s e of i n t e r m i t t e n t low r e 
s i s t a n c e o b s e r v e d dur ing vendor t e s t i n g . Howeve r , t h e r e w a s v i s i b l e e v i 
dence of a r c i n g on the e l e c t r o d e s and rough e l e c t r o d e coa t ing . T h i s l e n d s 
suppor t to the theo ry that a d e n d r i t e growth of the coa t ing c a u s e d the low 
r e s i s t a n c e which could be c l e a r e d with a c a p a c i t a t o r d i s c h a r g e . 

The cable end of the d e t e c t o r was c l ean and in good condi t ion , but 
t h e r e was some evidence of fore ign m a t e r i a l on the u n d e r s i d e of the b o t t o m 
suppor t i n s u l a t o r s . I m p r o p e r c lean ing i s the p r o b a b l e c a u s e . 

The evacuat ion tube, which is spec i f ied to be nnade of p u r e n i c k e l , 
b roke off while the de t ec to r was being r a d i o g r a p h e d . The tube had b e c o m e 
e x t r e m e l y b r i t t l e and c r y s t a l l i n e . R e u t e r - S t o k e s wi l l d e t e r m i n e the c o m p o 
si t ion of the tube by wet c h e m i c a l a n a l y s i s . The r e s u l t s of the a n a l y s i s , 
along with r e c o m m e n d a t i o n s for r ebu i ld ing or r e d e s i g n i n g the d e t e c t o r , wil l 
be included in a comple te fa i lu re r e p o r t supplennent to be s u b m i t t e d to ANL. 

The second r edes igned W e s t i n g h o u s e WX-31384 f i s s ion c o u n t e r 
was de l ive red to ANL. 

3. H i g h - t e m p e r a t u r e N e u t r o n - d e t e c t o r Cab le Techno logy . A. H i r s c h and 
A. E . Knox (Las t r e p o r t e d : A N L - 7 8 2 5 , p . 3.5, u n d e r O u t - o f - c o r e 
D e t e c t o r s and Cab les ) 

Oven t e s t ing of R e u t e r - S t o k e s R S N - 2 0 2 - B G and W e s t i n g h o u s e WX-
31353-25 cable a s s e m b l i e s to 850°F, c o n s i s t e n t wi th RDT S t a n d a r d F 3 - 3 9 , 
has been comple t ed . Techn i ca l no t e s d e s c r i b i n g the r e s u l t s of t h e s e t e s t s 
a r e being p r e p a r e d . 
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A l eng th of h i g h - t e n n p e r a t u r e m i n e r a l - i n s u l a t e d c a b l e , p r o d u c e d by 
S o d e r n ( F r a n c e ) h a s been r e c e i v e d f r o m ORNL for t e s t i n g . The cab le d o e s 
not h a v e h i g h - t e m p e r a t u r e end s e a l s o r c o n n e c t o r s . The ends of the cab l e 
a r e only s e a l e d wi th h e a t - s h r i n k tubing. 

R a d i o g r a p h s w e r e m a d e of the R - S , W e s t i n g h o u s e , and Sode rn c a b l e s , 
and the W e s t i n g h o u s e end s e a l s and c o n n e c t o r s . Al though s p e c i f i c a t i o n s 
i n d i c a t e coax ia l cab l e , the W e s t i n g h o u s e cab le was a c t u a l l y t r i a x i a l , wi th 
the i n n e r s h e a t h f loat ing. W e s t i n g h o u s e h a s been r e q u e s t e d to d o c u m e n t , 
f r o m t h e i r m a t e r i a l r e c o r d s , the type of cab le d e l i v e r e d to ANL. 

4. N I T F T e s t P r o g r a m . V. J . E l s b e r g a s (Not p r e v i o u s l y r e p o r t e d ) 

A r e q u e s t for a p p r o v a l - i n - p r i n c i p l e for t e s t i ng d e t e c t o r s in the 
E B R - I I N u c l e a r I n s t r u m e n t T e s t F a c i l i t i e s w a s app roved by R D T . F o l l o w 
ing a p p r o v a l by E B R - I I P r o j e c t Staff, the WX-31384 and RSN-286 M402 
d e t e c t o r s w e r e i n s t a l l e d in the E B R - I I O - l t h imb le p r i o r to Run No. 50 
and c a l i b r a t i o n s s t a r t e d . 

D r a w i n g s w e r e p r e p a r e d and f ab r i ca t i on s t a r t e d on a h o l d e r for the 
WX-30950 C o m p e n s a t e d Ion iza t ion C h a m b e r to be i n s t a l l e d in the E B R - I I 
J - 2 t h i m b l e . 

D. Advanced Techno logy I n s t r u m e n t D e v e l o p m e n t . 
T. P . M u l c a h e y (02-096) 

New and unique i n s t r u m e n t a t i o n is be ing deve loped to d i a g n o s e 
p e r f o r m a n c e and d e t e c t a b n o r m a l i t i e s in the L M F B R c o r e s . Inc luded a r e 
s e n s o r s and t e c h n i q u e s for a c o u s t i c a l d e t e c t i o n of s o d i u m - c o o l a n t bo i l ing , 
m o n i t o r i n g of f l o w - r a t e - r e l a t e d p h e n o m e n a that could d e t e c t i m b a l a n c e s 
be tween cool ing and p o w e r , and the m e a s u r e m e n t of v i b r a t i o n s that m i g h t 
d i s t u r b o v e r a l l r e a c t o r s t ab i l i t y . 

1. A c o u s t i c S u r v e i l l a n c e . T. T. A n d e r s o n 

a. Developnnent of H i g h - t e m p e r a t u r e D e t e c t o r . A. P . Gavin (Las t 
r e p o r t e d : A N L - 7 8 2 5 , p . 3.8) 

Two s e n s o r s of the H T - 6 s e r i e s ( H T - 6 - 2 and H T - 6 - 3 ) w e r e 
f a b r i c a t e d and then exposed for m o r e than 14 d a y s to t e m p e r a t u r e s in e x c e s s 
of 1200°F in the F u r n a c e C a l i b r a t i o n F a c i l i t y ; inc luded w e r e s e v e r a l c y c l e s 
to r o o m t e m p e r a t u r e . B e c a u s e r e s i s t a n c e and c h a r g e r e s p o n s e cannot be 
m e a s u r e d s i m u l t a n e o u s l y on one uni t , the r e s i s t a n c e of one uni t and the r e 
s p o n s e of the o t h e r to a c o n s t a n t 350-Hz exc i t a t i on a r e m o n i t o r e d and r e 
c o r d e d t o g e t h e r wi th s h a k e r a c c e l e r a t i o n l eve l and t e m p e r a t u r e on a fou r -
pen s t r i p - c h a r t r e c o r d e r . 
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Plots of periodic response versus frequency at 250-500 Hz, with 
a standard acceleration level on the piston drive, showed very little change 
in response with exposure to 1200°F for two weeks. Resistance of a given 
unit at a given temperature also was stable when the internal oxygen p r e s 
sure was maintained between 200 and 400 mm Hg by means of the vent tube. 

The vent tube of HT-6-3 was then sealed with an internal oxygen 
pressure of 200 mm Hg and the unit returned to test at 1210°F. Fo r 16 hr, 
the response, as measured by a charge amplifier, remained constant, then 
increased rapidly to a meaningless off-scale value, indicating that the r e 
sistance had dropped below the range of the amplifier. After the vent tube 
was reopened, and the unit evacuated and refilled with oxygen to the same 
pressure , the resistance again increased rapidly, but after 24 hr the value 
was the same as before the tube was sealed. 

Subsequently, the vent tube of HT-6-2 was sealed with an in
ternal oxygen pressure of 400 mm Hg, and tested at 1210°F. In 8 hr, the 
resistance dropped to less than 5000 ohms, and continued to drop to a 
minimum of 45 ohms in 20 hr. After the vent tube was opened and the unit 
evacuated and refilled with oxygen to the same p ressu re , the res is tance 
increased to 10,000 ohms in less than 10 min, and to 18,000 ohms in 24 hr . 

Future tests will explore the internal oxygen p r e s s u r e required 
for continuous high-temperature operation. 

X-ray diffraction studies of 12 recently purchased piezoelectric 
crystals indicate that variation between crystals is within specified l imits , 
but do not provide a check on crystal orientation. 

b. Development of Acoustic Waveguides. T. T. Anderson (Last 
reported: ANL-7798, p. 52) 

An acoustic-waveguide test assembly has been constructed to 
simulate both the FFTF instrument guide tube and an acoustic-vibration-
transmission member of the EBR-II Test ISA XX03. Briefly, the assembly 
consists of a Type 304 stainless steel tube (20 ft long, l i in OD l / 8 in 
wall), which IS open at one end. This end is immersed (vertically) 6 in into 
a water-filled tank. The upper end is terminated by a 645-g steel mass , to 
which IS attached an accelerometer. 

Vibration response at the accelerometer was determined for 
sound waves impinging tangentially on the immersed portion of the tube 
Acceleration response was measured and checked: (1) by a th ree -pa rame te r 
analysis of the acceleration amplitude spectrum (25-100 kHz) taken for 
0 -msec mcrements of time delay after a 0.2-msec duration of sine waves-
(2) by oscilloscope traces of the acceleration signal for the train of sine 
wave acoustic pressure ; and (3) by rms spectrum to reverberant sound 
pressure (1-100 kHz). 
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The resul ts were consistent in showing the acceleration r e 
sponse to contain resonances from 34 to 91 kHz (see Table III.l), and to 
have much lower response at other frequencies. F i r s t and second radial 
modes of the water inside the tube were excited at the 34.2- and 78-kHz 
resonances, respectively, and were transmitted along the tube at the longi
tudinal velocity. Dispersive (shear) waves can be identified by the lower 
t ransmiss ion velocity (-2800 m/sec) . Transfer admittance (i.e., ratio of 
upper termination velocity to the incident p re s su re of 5 x 10" cm^-sec/g 
for the major resonances) was an order of magnitude higher than an est i -
nnate based on t ransmission in te rms of character is t ic impedances of 
water and steel. 

TABLE III. 1. Summary of Tests on Tubular Waveguide 

Resonance 
Frequency, 

kHz 

34.2 
44 

49 

54 

57 

62.5 
70.6 
77.5 
91 

First Time 
of Arrival, 

msec 

1.2 

-
2.2 

-
-

2.3 

1.5 

1.3 

-

Equivalent 
Velocity, 

m/sec 

5100 
-

2800 
-
-

2700 
4100 
4700 

-

Transfer 
Admittance, 

10"°cm2-sec/g 

4 .6 

3 .5 

4 .9 

2 .0 

2 .5 

3 .3 

2 .9 

4 . 8 

1.2 

2. Vibration Sensor. T. P . Mulcahey 

a. Out-of-pile Tests of Sodium-immersible Commercial 
Transducers . G. A. Fo r s t e r (Last reported: ANL-7825, p. 3.9) 

Disassembly and inspection of the accelerometer that failed 
during initial heat-up of the CCTL revealed that excess lead length inside 
the sensor apparently caused an initial short where the center lead of the 
triaxial cable touched the sensor housing. During the ensuing 6000-hr flow-
test of the F F T F Mark-II fuel assembly, a crystalline deposit (-0.005 in. 
thick) had built up on the lead wires , causing further shorting. This infor
mation has been forwarded to the vendor (Gulton) to guide design changes 
that may prevent similar failures in the future. 

Triaxial cables were sent to Gulton for use on acce lerometers 
being procured for flowtesting the F F T F Mark-IIA fuel assembly. This was 
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a condition on which the June 30 delivery date was based. In turn, Gulton 
will send the cables they would have used. 

E. Plant Dynamics and Control Analysis. W. C. Lipinski, RAS 
(02-528; last reported: ANL-7833, p. 3.5) 

1. Analysis of Overall Control-system Performance during Mild 
Transients to Identify and Resolve Control Problems (Not previously 
reported) 

A recent comparison of overall power-plant costs in LMFBRs using 
various steam-generator concepts (L. A. Sturiale, Steam Generator Concept 
Selection Study, WARD-4210T2-1, Feb 1 971) has indicated economic ad
vantages of once-through steam generators with separate shells for evap
oration and superheating. Based on these resul ts , the complete-plant 
hybrid simulation being used in the ANL study of LMFBR dynamics and 
control was updated to include a sinnulation of a separate-shel l steam gen
erator. The previous sinnulation was based on a single-shell model. 

Because some superheating occurs in the evaporator module, the 
basic model for its simulation is identical to that of the single-shell steam 
generator, except for changes in parameter values. The model for the 
superheater module is the same as for the reheater previously included in 
the plant simulation. 

PUBLICATION 

Eddy-Current Probe-Type Sodium Flowsensor for F F T F Reactor Fuel 
Channel Flow Monitoring 

J. Brewer, R. A. Jaross , and R. L Brown* 
IEEE Trans. Nucl. Sci. NS-18(l), Pa r t 1, 372-377 (Feb 1971) 

'WADCO Corp. 



IV. SODIUM TECHNOLOGY 

A. Sod ium I m p u r i t y A n a l y s i s and Con t ro l 
(02-593) 

4 . 1 

1. S tud ie s of the S o d i u m - O x y g e n - H y d r o g e n S y s t e m . F . 
K. M. M y l e s ( L a s t r e p o r t e d : A N L - 7 7 9 8 , p . 61) 

A. C a f a s s o and 

The ob jec t ive of t h i s w o r k is an u n d e r s t a n d i n g of the b e h a v i o r of 
oxygen- and h y d r o g e n - b e a r i n g s p e c i e s in l iquid sod ium. 

E l u c i d a t i o n of the p h a s e r e l a t i o n s h i p s in the N a - N a j O - N a O H - N a H 
s y s t e m is p a r t of th i s p r o g r a m . T h i s s y s t e m m a y be d iv ided by e i t h e r of 
two j o i n s , n a m e l y , N a - N a O H or NazO-NaH. Two p r e l i m i n a r y w o r k i n g 
d i a g r a m s - - o n e b a s e d on the N a - N a O H join (the N a - N a O H w o r k i n g d i a g r a m ) 
and the o t h e r b a s e d on the Na jO-NaH join (the NazO-NaH w o r k i n g d i a g r a m ) -
w e r e p r e s e n t e d p r e v i o u s l y . * T h e s e w e r e c o m p o s i t e d i a g r a m s of the r o o m -
t e m p e r a t u r e i s o t h e r m a l sec t ion and s u p e r i m p o s e d l iqu idus v a l l e y s . The 
e s s e n t i a l f e a t u r e s of the d i a g r a m s and the a s s u m p t i o n s m a d e in g e n e r a t i n g 
t h e m w e r e a l s o d e s c r i b e d . 

R e c e n t X - r a y d i f f rac t ion r e s u l t s (ANL-7798) p r o v i d e d a b a s i s for 
the s e l e c t i o n of the NazO-NaH w o r k i n g d i a g r a m a s the one to be u s e d to 
guide f u r t h e r w o r k . A c c o r d i n g l y , th i s d i a g r a m h a s been upda ted to m a k e 
it c o n s i s t e n t wi th our c u r r e n t knowledge about the N a - O - H s y s t e m . The u p 
da ted v e r s i o n s a r e shown in F i g s . IV.1 and IV.2 . 

No 70 400 NoH No 

Fig. IV.1 

The Liquidus Valleys and the Room-temperature Iso
thermal Section of the Na-Na20-NaOH-NaH System 
Based on the Reaction Na(l!) + NaOH(s) = Na20(s) + 
NaH(s) (temperatures in °C) 

Fig. IV.2 

The Liquidus Valleys and the Room-temperature Iso
thermal Section of the Na-Na20-NaOH-NaH System 
Based on the Reaction Na(J!) + NaOH()Z)'= Na20(s) + 
NaH(s) (temperatures in °C) 

T h e i m p o r t a n t d i f f e r e n c e b e t w e e n t h e t w o d i a g r a m s i s t h a t in F i g . I V . 1 

t h e r e a c t i o n i s a s s u m e d t o b e Na( .^ ) + N a O H ( s ) — N a 2 0 ( s ) + N a H ( s ) , w h e r e a s 

•Sodium Technology Quarterly Report, April, May, June 1970, ANL/ST-3, pp. 4 ^ to 4-13; Figs. 4-2 and 4-5 
(Sept 1970). 
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in F i g . IV.2 , the a s s u m e d r eac t i on is Na(^) + N a O H ( i ) - Na20(s ) + N a H ( s ) . 
The t e m p e r a t u r e s given in the f igures a r e only r e a s o n a b l e e s t i m a t e s of t he , 
a s yet unknown, ac tua l t e m p e r a t u r e s . P r e s e n t w o r k is a d d r e s s e d to d e t e r 
min ing which of the two d i a g r a m s is c o r r e c t ; th i s i n fo rma t ion will aid m the 
p r e d i c t i o n of r e a c t i o n s o c c u r r i n g in s o d i u m - o x y g e n - h y d r o g e n s y s t e m s . 

2 . Vacuum Dis t i l l a t ion as an Analyt ica l Method for I m p u r i t i e s in S o d i u m . 
F . A. Ca fas so and R. A. B lomqui s t (Not p r e v i o u s l y r e p o r t e d ) 

The work of Walker et al_.*.** h a s d e m o n s t r a t e d tha t v a c u u m 
d i s t i l l a t ion is a useful method for d e t e r m i n i n g oxygen in s o d i u m and tha t it 
h a s po ten t ia l for d e t e r m i n i n g ca rbon in sod ium. In the a n a l y s i s for oxygen , 
the work of Walker et al .* has shown that , p r o v i d e d the oxygen e x i s t s in 
sod ium as NajO or NazCOs, it m a y be d e t e r m i n e d i n d i r e c t l y by th i s m e t h o d ; 
however , the pos s ib i l i t y has not been exp lo red that the p r e s e n c e of o t h e r 
i m p u r i t i e s , e spec i a l l y those known to exis t in the s o d i u m (e .g . , NajCz), 
migh t i n t roduce e r r o r s in the a n a l y s i s . In the a n a l y s i s for c a r b o n , e x p e r i 
m e n t s have shown that ca rbon in the f o r m of e i t he r carbonate"'" o r e l e m e n t a l 
ca rbon* is not los t (due to deg rada t i on of the c a r b o n a t e or f o r m a t i o n of 
ca rbon monoxide via the r e a c t i o n of e l e m e n t a l c a r b o n with s o d i u m oxide) 
du r ing d i s t i l l a t ion at 350°C. T e s t s have not been done to d e m o n s t r a t e tha t 
s i m i l a r r e s u l t s a r e ob ta inable , r e g a r d l e s s of the f o r m of the c a r b o n o r the 
type and concen t ra t ion of o the r i m p u r i t i e s in the sod ium. 

C l e a r l y , to exploit the full potent ia l of this me thod for oxygen and 
ca rbon a n a l y s e s and to p lace the method on a f i r m and fully t e s t e d b a s i s , 
e x p e r i m e n t s a r e needed that examine the effects of added c a r b o n , oxygen, 
hydrogen , and n i t r ogen i m p u r i t i e s on the connposit ion of the r e s i d u e . 
Accord ing ly , a p r o g r a m is being u n d e r t a k e n to c h a r a c t e r i z e the i m p u r i t y 
r e a c t i o n s that m a y occur in the e v a p o r a t i o n - c o n c e n t r a t i o n s t ep of a d i s t i l l a 
t ion a n a l y s i s and to d e t e r m i n e whe the r such r e a c t i o n s lead to s ign i f i can t 
e r r o r s in a n a l y s e s for nonmeta l l i c e l e m e n t s in sod ium. In i t i a l ly , effort wi l l 
be c o n c e n t r a t e d on the influence of i m p u r i t i e s in oxygen and c a r b o n a n a l y s e s . 
However , in the c o u r s e of the study, the po ten t ia l of d i s t i l l a t i o n as a m e t h o d 
for the ana lys i s of n i t rogen in sod ium will a l so be e x a m i n e d . 

The r e q u i s i t e t e s t s will be done by adding m e a s u r e d q u a n t i t i e s of 
c a r b o n - , oxygen- , h y d r o g e n - , and n i t r o g e n - b e a r i n g i m p u r i t i e s , s ing ly and 
in combina t ion , to 1 kg of sodium. The m i x t u r e wil l then be h e a t e d i n d u c 
t ive ly to d is t i l l away the sodium, and the r e s i d u e and o f f - g a s e s wil l be 
co l l ec ted and ana lyzed by a p p r o p r i a t e phys i ca l m e t h o d s . A 1-kg still''^" h a s 
been c o n s t r u c t e d for th i s study and is c u r r e n t l y be ing a s s e m b l e d . E x p e r i 
men ta t i on will begin as soon as op t imum o p e r a t i n g cond i t ions of the s t i l l 
have been e s t a b l i s h e d . 

*J. J. Walker, E. D. France, and W. T. Edwards, Analyst 90, 727 (1965). 
**]. J. Wall<er and E, D. France, Analyst 90, 228 (1965). 
ty. M. Sinclair, J. L, Dummond, and A. W. Smith, TRG-Report-1185(D) (1965). 

'•C. C. Miles of EBR-II, Idaho, provided the design of the still. 
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B. N o n m e t a l l i c I m p u r i t y I n t e r a c t i o n s in 
S o d i u m - M e t a l S y s t e m s (02-137) 

1. D e v e l o p m e n t of E q u i l i b r a t i o n Me thods for D e t e r m i n i n g the Ac t iv i ty of 
N o n m e t a l l i c I m p u r i t i e s in Sodium. T . F . K a s s n e r and D. L . Smi th 
( L a s t r e p o r t e d : A N L - 7 7 9 8 , p . 59) 

The p u r p o s e of t h i s w o r k is to deve lop nnethods for a c c u r a t e l y 
m e a s u r i n g the a c t i v i t i e s of n o n m e t a l l i c e l e m e n t s (e .g . , O, C, N, and H) in 
s o d i u m at the low c o n c e n t r a t i o n s of i n t e r e s t for L M F B R a p p l i c a t i o n s . 

a. D e v e l o p m e n t of the V a n a d i u m - w i r e E q u i l i b r a t i o n Method for 
D e t e r m i n i n g Oxygen Ac t iv i ty in Sodium 

A p r o c e d u r e h a s been developed* for d e t e r m i n i n g the oxygen 
ac t i v i t y in l iquid s o d i u m by e q u i l i b r a t i n g v a n a d i u m w i r e s in s o d i u m , m e a s 
u r i n g the oxygen content of the w i r e s , and c o r r e l a t i n g the r e s u l t s wi th p r e 
v i o u s l y ob ta ined da ta** for the d i s t r i b u t i o n coef f ic ien ts of oxygen be tween 
s o d i u m and v a n a d i u m at 600, 650, 700, and 750°C. Th i s me thod of a n a l y s i s 
can be u s e d at any t e m p e r a t u r e within th i s r a n g e or 50°C on e i t h e r s ide by 

i n t e rpo l a t i on or e x t r a p o l a t i o n of the 
- | 1—I I 11 111 1 1—I I I I I I 

750°C 

ail 1—L- L J L. 

da ta . E q u i l i b r a t i o n of 0 . 2 5 - m m - d i a 
w i r e for 4 h r at 750°C is a p p r o p r i a t e 
for L M F B R a p p l i c a t i o n s , and t h e s e 
condi t ions have been r e c o m m e n d e d a s 
a s t a n d a r d to f ac i l i t a t e and i m p r o v e 
c o m p a r i s o n of i n t e r l a b o r a t o r y a n a l y 
s e s . Addi t ional d i s t r i b u t i o n - c o e f f i c i e n t 
m e a s u r e m e n t s have been nnade u n d e r 
t h e s e condi t ions to enhance the r e 
l i ab i l i ty of the v a l u e s and to e s t a b l i s h 
the p r e c i s i o n of the m e t h o d . The r e 
su l t s a r e p lo t ted in F i g . I V . 3 . The 
oxygen c o n c e n t r a t i o n s in the s o d i u m 
w e r e d e t e r m i n e d f rom so lub i l i ty data"^ 
at the c o l d - t r a p t e m p e r a t u r e , which 
was ca re fu l ly c o n t r o l l e d in t h e s e ex 
p e r i m e n t s . The oxygen a n a l y s e s of 
the v a n a d i u m w i r e s w e r e obta ined by 
an i n e r t - g a s fusion t e c h n i q u e . ^ A n a l 
y s e s of \ v i r e s e q u i l i b r a t e d s i m u l t a 
n e o u s l y g e n e r a l l y a g r e e d wi thin ±2%. 

OXYGEN IN VANADIUM, wt% 

Fig. IV.3. Equilibrium Distribution of Oxygen 
between Vanadium and Sodium at 
750'C. Neg. No. MSD-54652. 

*D. L. Smith, Nucl. Technol. 11(1), 115-119 (1971). 
**D. L. Smith, Met. Trans. ^(2), 579-583 (1971), 
1̂ D. L. Smith and T. F. Kassner, Corrosion by Liquid Metals, J. E. Draley and J, R. Weeks, eds., pp. 137-149, 

Plenum Press (1970). 
•f1"B. D. Holt and H. T. Goodspeed, Anal. Chem. 35, 1510-1513 (1963). 

file:///vires


4.4 

A g r e e m e n t of the a n a l y s e s w a s a l so good af ter the oxygen l eve l w a s 
changed and then r e t u r n e d to the p r e v i o u s l e v e l . 

The oxygen c o n c e n t r a t i o n s in v a n a d i u m at 750°C r e p o r t e d p r e 
v ious ly* w e r e somewha t lower (for e x a m p l e , 10% at 1.0 wt % oxygen in 
vanad ium) than r e s u l t s obtained in the r e c e n t s e r i e s of t e s t s . T h i s d i f f e r 
ence is a t t r i bu t ed p r i m a r i l y to d i f f icul t ies in d e t e r m i n i n g the oxygen con 
c e n t r a t i o n in sodium at the lower l e v e l s , w h e r e v a c u u m - d i s t i l l a t i o n a n a l y s e s 
w e r e of l i m i t e d a c c u r a c y . A por t ion of the o r i g i n a l da t a i s now be l i eved to 
have been obtained under condi t ions in which the cold t r a p w a s s l i gh t ly 
dep le ted of oxygen; th is r e s u l t e d in s o m e w h a t high v a l u e s for the d i s t r i b u 
t ion coeff ic ients . In addit ion, ana ly t i ca l p r o b l e m s a s s o c i a t e d wi th the g a s -
fusion a p p a r a t u s occas iona l l y r e s u l t e d in low v a l u e s for the oxygen con ten t 
of the vanad ium w i r e s . T h e s e ana ly t i ca l p r o b l e m s had the effect of o b s c u r 
ing the slight deple t ion of oxygen in the cold t r a p and i n c o m p l e t e r e e q u i l i b r a -
tion of the loop af ter the t e m p e r a t u r e or oxygen c o n c e n t r a t i o n w a s changed . 
The sma l l d i s c r e p a n c i e s in the d i s t r i b u t i o n - c o e f f i c i e n t da t a have now been 
r e s o l v e d , and the da ta p r e s e n t e d in F i g . IV.3 a r e c o n s i d e r e d to be m o r e 
r e l i a b l e than the p r e v i o u s v a l u e s . T h e s e da ta r e p r e s e n t t h r e e s e r i e s of 
t e s t s conducted by cycl ing the oxygen level in s o d i u m s e v e r a l t i m e s f r o m 
lower to h ighe r va lues to conf i rm the r e l i a b i l i t y of the r e s u l t s . C o n t r o l 
s a m p l e s indica ted that no p r o b l e m s w e r e e n c o u n t e r e d in the g a s - f u s i o n 
a n a l y s e s of t he se vanad ium w i r e s . 

At the r e q u e s t of RDT, e x p e r i m e n t s have a l s o been p e r f o r m e d 
to inves t iga te the effects of the n o n m e t a l l i c i m p u r i t i e s c a r b o n , n i t r o g e n , 
and hydrogen on the oxygen m e a s u r e m e n t by th i s m e t h o d . The r e s u l t s , 
r e p o r t e d e l s e w h e r e , * * ind ica te t h e r e is no m e a s u r a b l e effect of e i t h e r 
ca rbon or n i t rogen on the oxygen m e a s u r e m e n t u n d e r cond i t ions in which 
(1) ca rbon concen t r a t i ons in sod ium a r e h ighe r than can r e a s o n a b l y be ex 
pec ted in r e a c t o r s y s t e m s and (2) n i t r ogen c o n c e n t r a t i o n s in v a n a d i u m a r e 
in a r a n g e ( i .e . , < 1000 ppm) typica l of the p u r i t y of the v a n a d i u m w i r e u s e d 
in the oxygen-ac t iv i ty m e a s u r e m e n t s . E x p e r i m e n t s to d e t e r m i n e the effect 
of hydrogen in sod ium on the oxygen ac t iv i ty d e t e r m i n e d by th i s m e t h o d a r e 
in p r o g r e s s . 

Dur ing the deve lopment of the v a n a d i u m - w i r e m e t h o d , the s o 
d ium loop in which the da ta w e r e obta ined was equipped wi th e l e c t r o c h e m i c a l 
oxygen m e t e r s as a check on s y s t e m o p e r a t i o n . The emf da t a f r o m one of 
t h e s e (a United N u c l e a r C o r p o r a t i o n m e t e r having a Cu, CuzO r e f e r e n c e 
e l e c t r o d e and a Th02-15 wt % Y2O3 e l e c t r o l y t e ) have been c o r r e l a t e d wi th 
v a n a d i u m - w i r e r e s u l t s for the oxygen conten t of the s o d i u m . The oxygen 
c o n c e n t r a t i o n s w e r e d e t e r m i n e d us ing the r e v i s e d d i s t r i b u t i o n - c o e f f i c i e n t 
data d e s c r i b e d above. The cell was o p e r a t e d at 352°C (625°K), and the 

' D . L. Smith, Met. Trans. ̂ (2), 579-583 (1971). 
"Sodium Technology Quanerly Report, January-March 1971, ANL-78n (in press). 
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vanadium wires were equilibrated under standard conditions, i.e., 4 hr at 
750°C. Noteworthy is the fact that a plot of cell emf versus the logarithm 
of the oxygen concentration is l inear over two orders of magnitude in oxygen 
concentration, extending to levels below 1 ppm oxygen in sodium. 

b. Application of the Equilibration Method to the Measurement of 
Carbon Activity in Sodium 

The application of the equilibration method to the measurement 
of carbon activity in sodium is being investigated. Considerations leading 
to the selection of iron and vanadium as detector metals were given in 
ANL-7798. Experinnents to determine the equilibrium distribution of car
bon between sodium and these metals a re being conducted in the sodium 
loop described in Sect. IV .C l below. Iron foils and vanadium and iron 
wires are exposed at 750°C to cold-trapped liquid sodium with and without 
a carbon source in the system. Carbon analyses are then performed on the 
metal specimens after exposure and on sodium samples obtained during 
the runs. 

The resul ts of 10 runs that have been conducted indicate quali
tative agreement between the carbon analyses of the sodium samples and 
the vanadium wires; that is, both indicate the same trend upon increasing 
and decreasing the carbon activity in the sodium. 

The results for the iron are difficult to interpret because most 
of the carbon values were in the range of 20-30 ppm and did not increase or 
decrease as expected when a carbon source was either inserted or removed 
from the loop. Carbon contents in the iron were expected to range from ~5 
to 30 ppm, depending on the carbon content of the sodium. 

Three potential problems in the use of iron as a detector are 
being investigated. F i r s t , the high diffusivity of carbon in iron can result 
in a redistribution of the carbon between sodium and iron during cooling of 
the specimens. Only 10 min are required to equilibrate a 0.37-mm-dia wire 
at 750°C; therefore, rapid cooling rates are required to retain the equilib
rium carbon concentration. Samples with la rger cross sections a re being 
used in an attempt to evaluate and eliminate this problem. 

Second, possible chromium transport and deposition on the iron 
may lead to the formation of chromium carbide, which could account for the 
er ra t ic carbon contents. Thin surface layers of the iron wires will be r e 
moved by chemical etching pr ior to the carbon determinations in an attempt 
to determine whether this is a problem. 

Third, the effect of low concentrations of carbide-forming im
puri t ies (e.g.. Si, Cr, and Mn) in the Armco iron must be considered in these 
experiments. Internal carburization of approximately 100 ppm (total) of 
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t h e s e e l e m e n t s c o u l d a c c o u n t f o r - 1 0 p p m c a r b o n in t h e i r o n u p o n e x p o s u r e 

t o s o d i u m w i t h a v e r y l o w c a r b o n a c t i v i t y . T o e x a m i n e t h i s p o s s i b i l i t y , t h e 

A r m c o i r o n p r e v i o u s l y u s e d a n d h i g h e r - p u r i t y i r o n w i l l b e e q u i l i b r a t e d s i 

m u l t a n e o u s l y in s o d i u m . 

H i g h - p u r i t y i r o n - n i c k e l a l l o y s a r e a l s o b e i n g c o n s i d e r e d f o r 

m e a s u r e m e n t of c a r b o n a c t i v i t i e s i n s o d i u m . T h e u s e of t h e s e a l l o y s m a y 

o v e r c o m e o n e of t h e p r i n c i p a l p r o b l e m s a s s o c i a t e d w i t h A r m c o i r o n , n a m e l y , 
t h e e x t r e m e l y r a p i d e q u i l i b r a t i o n a n d s u b s e q u e n t r e d i s t r i b u t i o n of c a r b o n 

u p o n c o o l i n g . 

C . S o d i u m E f f e c t s o n M e c h a n i c a l B e h a v i o r 

of S t a i n l e s s S t e e l ( 0 2 - 2 1 3 ) 

1. S t u d i e s of C a r b o n T r a n s p o r t in S o d i u m - S t e e l S y s t e m s . T . F . K a s s n e r 

a n d K . N a t e s a n ( L a s t r e p o r t e d : A N L - 7 7 9 8 , p . 6 1 ) 

T h e o b j e c t i v e s of t h i s w o r k a r e a n u n d e r s t a n d i n g of t h e m e c h a n i s n n 

a n d k i n e t i c s of c a r b u r i z a t i o n - d e c a r b u r i z a t i o n p r o c e s s e s i n v o l v i n g a u s t e n i t i c 

a n d f e r r i t i c s t e e l s a n d t h e e v e n t u a l c o r r e l a t i o n of r e s u l t s of t h e s e s t u d i e s 

w i t h m e c h a n i c a l - p r o p e r t y d a t a . T h u s , p r e d i c t i o n s r e g a r d i n g t h e s t r u c t u r a l 

i n t e g r i t y of t h e s e s t e e l s in a r e a c t o r s y s t e m w i l l b e m a d e p o s s i b l e . 

a . D i s t r i b u t i o n of C a r b o n b e t w e e n I r o n - b a s e A l l o y s a n d 
L i q u i d S o d i u m 

E x p e r i m e n t s w e r e c o n t i n u e d t o o b t a i n d a t a o n t h e e q u i l i b r i u m 

d i s t r i b u t i o n of c a r b o n b e t w e e n s o d i u m a n d i r o n - b a s e a l l o y s . F o i l s p e c i 

m e n s (2 m i l s t h i c k ) of i r o n , F e - 8 w t % N i , F e - 1 8 w t % C r - 8 w t % N i , 

a n d T y p e s 3 0 4 a n d 316 s t a i n l e s s s t e e l w e r e e x p o s e d t o f l o w i n g s o d i u m a t 

t e m p e r a t u r e s b e t w e e n 600 a n d 7 5 0 ° C in a l o o p w i t h a m o l y b d e n u m t e s t 

s e c t i o n . In s e v e r a l of t h e r u n s , a c a r b o n s o u r c e w a s p r e s e n t in t h e s y s t e m . 

T h e e x p e r i m e n t a l c o n d i t i o n s a n d r e s u l t s f o r t h e e x p e r i m e n t s 
p e r f o r m e d t o d a t e a r e s u m m a r i z e d in T a b l e I V . 1 . S o d i u m s a m p l e s f o r c a r 
b o n a n a l y s e s w e r e o b t a i n e d in " f l o w - t h r o u g h " s a m p l e r s . E a c h v a l u e r e 
p o r t e d i s a n a v e r a g e of t h r e e c a r b o n d e t e r m i n a t i o n s o n e a c h s o d i u m s a m p l e ; 
t h e s a m p l e s w e r e a n a l y z e d * b y t h e o x y a c i d i c f l u x m e t h o d . T h e fo i l s p e c i 
m e n s w e r e c l e a n e d w i t h a l c o h o l a n d w a t e r a n d t h e n a n a l y z e d f o r c a r b o n b y 
a s t a n d a r d c o m b u s t i o n m e t h o d . E a c h v a l u e in t h e t a b l e i s a n a v e r a g e of 
t h r e e o r m o r e a n a l y s e s . 

T h e e x p e r i m e n t s s h o w t h a t i n t h e a b s e n c e of a c a r b o n s o u r c e 
in t h e s y s t e m , t h e c a r b o n c o n c e n t r a t i o n in s o d i u m i s v e r y l o w ( £ l p p m ) -
h o w e v e r , c a r b u r i z a t i o n of T y p e 3 0 4 s t a i n l e s s s t e e l o c c u r r e d b e t w e e n 6o'o 
a n d 7 5 0 ° C ( R u n s 1 a n d 2 ) . T h e p r e s e n c e of a c a r b o n s o u r c e i n c r e a s e d t h e 

•Analyses performed by W. R. Sovereign, ANL-Idaho. 



TABLE IV.1. Experimental Conditions and Results of Carbon Distribution 
between Iron-base Alloys and Sodium 

Carbon Concentration in Exposed Foils 

Run 
Nc. 

1 

2 

3 

4 

5 

6 

Run 
Time, 

hr 

750 

3500 

330 

1000 

60 

307 

Temp., 

°C 

700 
600 

750 
650 

750 
650 

750 
650 

750 
650 

750 
650 

ppm in 

Fe 

-

14 
8 

80 
21 

89 
21 

39 
28 

15 
12 

ppm in 
Fe-8N1 

-

_ 

233 
238 

97 
63 

57 
98 

_ 

wt % In 
Fe-18Cr-8Nl 

-

. 

0.71 
0.»1 

0.96 
1.26 

_ 
-

_ 

wt % in 
Type 304 

SS 

0.090 

0.11 

0.096 
0.129 

0.643 
0.958 

0.897 
1.270 

_ 
-

1.025 
1.193 

wt Z in 
Type 316 

SS 

-

1.070 
1.149 

0.940 
1.330 

_ 
-

1.160 
1.279 

Carbon in 
Sodium, 
ppm 

0.70±0.39, 
1.31+0.78 

0.40±0.20 
(at 800 hr), 
0.70+0.20 
(at 2000 hr) 

Sample not 
analyzed. 

25±1.0 
(at 300 hr), 
1.810.4 

(at 1000 hr) 

2.5+1.0 
(at 58 hr) 

13.7±1.4 
(at 140 hr), 
11.9±2.5 
(at 300 hr) 

Cold-trap 
Temp., 
°C 

125 

125 

125 

125 

125 

175 

No carbon source. 

No carbon source. 

Carburlzed Fe-8N1 
source. 

Carburlzed Fe 
source. 

No carbon source. 

Carburlzed Fe 
source. 
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c a r b o n ac t iv i ty in sod ium, as ev idenced by the i n c r e a s e in the c a r b o n con
c e n t r a t i o n s in the a l loys and in s o d i u m in Runs 3, 4, and 6. In t h e s e l a t t e r 
r u n s the ca rbon concen t r a t i on in the F e - C a l loy s o u r c e d e c r e a s e d f r o m an 
in i t ia l va lue of ~5 to -0 .1 wt %; h o w e v e r , the s o u r c e m a t e r i a l was s t i l l s a t 
u r a t e d at the conclus ion of the r u n s . Th i s i n d i c a t e s that the e q u i l i b r i u m 
be tween the c a r b o n in sodium and the c a r b o n in the s a t u r a t e d a l loy w a s 
m a i n t a i n e d dur ing the e n t i r e run, s ince t h e r e is no k ine t i c l i m i t a t i o n in 
t r a n s p o r t i n g ca rbon f rom the s o u r c e to the s o d i u m in a loop of t h i s s i z e . 

This method of adding c a r b o n to the s y s t e m can i n t r o d u c e s o m e 
p a r t i c u l a t e g raph i te into the sod ium as a r e s u l t of g r a p h i t i z a t i o n of the 
heavi ly c a r b u r l z e d s o u r c e and the wash ing away of the s u r f a c e p a r t i c l e s by 
the flowing sodium. The ca rbon c o n c e n t r a t i o n in the s o d i u m d u r i n g the 
c o u r s e of Run 4 (carbon s o u r c e p r e s e n t ) showed a s u b s t a n t i a l d e c r e a s e 
which m a y be a t t r i bu ted , in p a r t , to the p r e s e n c e of g r a p h i t e p a r t i c l e s t h a t 
a r e eventua l ly p r e c i p i t a t e d in the cold t r a p or o t h e r l o c a t i o n s in the l oop . 
The c o l d - t r a p t e m p e r a t u r e had a neg l ig ib le effect on the final c a r b o n con 
c e n t r a t i o n s in the s t e e l s exposed to sod ium in t h e s e t e s t s . 

To achieve and cont ro l c a r b o n l e v e l s in the s o d i u m o v e r a r a n g e 
that will r e s u l t in ca rbon c o n c e n t r a t i o n s below 0.5 wt % in the s t a i n l e s s 
s t e e l s , a different method of adding c a r b o n to the s o d i u m h a s been d e v i s e d . 
In th is method , th in -wal l tubes of A r m c o i ron a r e fi l led with g r a p h i t e p o w d e r 
and welded c losed , and the tubes a r e i n s e r t e d in a n i cke l v e s s e l t h r o u g h 
which sodium is flowed at t e m p e r a t u r e s be tween 450 and 600°C. On the 
b a s i s of d i s t r i bu t ion coeff ic ients , it is expec ted that c a r b o n c o n c e n t r a t i o n s 
in sodium in the range 0 .3-7 .0 ppm can be a t t a ined by th i s nnethod and tha t 
the in t roduc t ion of g raph i te p a r t i c l e s will be avo ided . 

F u r t h e r e x p e r i m e n t s to d e t e r m i n e the e q u i l i b r i u m d i s t r i b u t i o n 
of ca rbon between liquid sodium and the v a r i o u s s t e e l s wi l l be conduc ted to 
obtain sufficient da ta for c o m p a r i s o n with c a l c u l a t e d c a r b o n d i s t r i b u t i o n 
c u r v e s . * 

b. M e a s u r e m e n t s of Ca rbon A c t i v i t i e s in F e - N i and F e - C r - N i 
Alloys 

Addit ional data to e s t a b l i s h the ac t i v i t y of c a r b o n in T y p e s 304, 
316, and 347 s t a i n l e s s s tee l as a function of the c a r b o n c o n c e n t r a t i o n h a v e 
been obtained at 600''C. The e x p e r i m e n t a l me thod invo lves e q u i l i b r a t i o n of 
the s t ee l s in Vycor c a p s u l e s with F e - 8 wt % Ni a l l oys whose c a r b o n a c t i v i 
t i e s a r e known or a r e being d e t e r m i n e d . The c a r b o n c o n c e n t r a t i o n s in the 
a l loys , after an equ i l ib ra t ion p e r i o d of 2800 h r , a r e given in T a b l e IV.2 . 
The range of carbon a c t i v i t i e s , as r e f l e c t e d by the c a r b o n c o n c e n t r a t i o n s 
in the F e - 8 wt % Ni al loy in the t h r e e e x p e r i m e n t s , was not a s l a r g e a s w a s 

K. Natesan and T. F. Kassner. J. Nucl. Mater. ^(2), 223-235 (1970). 
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desired. Several additional runs at 600°C will be made at higher carbon 
levels to complete this work. Experiments to establish the carbon activi
ties in the Fe-8 wt % Ni alloy as a function of carbon concentration and 
temperature a re still in p rogress . 

TABLE IV.2. Carbon Analyses of Commercial Alloy Samples 
Equilibrated at 600°C for 2800 hr 

Capsule Carbon Concentration, ppm 

No. Fe-8 wt % Ni Type 304 SS Type 316 SS Type 347 SS 

1 30.0 395 425 760 

2 50.0 420 455 750 

3 55.0 490 540 760 

P U B L I C A T I O N 

Solubi l i ty of H e l i u m and A r g o n in Liquid Sodium 
E . V e l e c k i s , S. K. D h a r , * F . A C a f a s s o , and H. M F e d e r 

A N L - 7 8 0 2 (Apr 1971) 

De Paul University. 





5.1 

V. FUELS AND MATERIALS DEVELOPMENT 

A. LMFBR Cladding and Structural Materials 

1. Swelling and Mechanical Behavior of Cladding Alloys (02-605) 

a. Swelling of Type 304 Stainless Steel. P. R. Okamoto, B. J. Kestel, 
and S. D. Harkness (Last reported: ANL-7833, p. 5.1) 

The study of the swelling behavior of solution-annealed Type 304 
stainless steel is continuing. Samples prepared from flats 2 and 6 of the 
guide thimble of EBR-II control rod 5A3 are currently being examined in 
the t ransmiss ion electron microscope (TEM) to correlate swelling behavior 
with micros t ruc ture . At present, only four samples have been examined. 
Average void sizes determined by TEM were used to calculate void number 
densities from the immersion density measurements . The resul ts , as a 
function of fluence and irradiation temperature , are summarized in Table V. 1. 

TABLE v.l. Void Size and Number Densities in Type 304 Stainless Steel from EBR-11 Control Rod 5A3 

Sample 
Reference 
Number 

5A3-13 

5A3-15 

5A3-48 

5A3-52 

Flat 
Number 

2 

2 

6 

6 

Not available. 

Irradiation 
Temperature 

"C 

398 

416 

398 

450 

, Fluence, 
n/cm^ 

1.2 X 10^3 

7.4 X 10^2 

1.1 X 10^3 

a 

Immersion 
Density 
Change, 

Z 

-7.7 

-5.9 

-7.7 

-2.3 

Average 
Void 

Diameter, 
A 

256 

273 

243 

164 

. 

Standard 
Deviation, 

A 

92 

68 

85 

78 

Number 
of Voids 
Measured 

762 

451 

375 

432 

Void Number 
Density 

Calculated, 
lO'Vcm' 

9.4 

5.8 

10.8 

10.1 

All s a m p l e s e x a m i n e d to da te exhib i ted a h igh n u m b e r dens i ty of 
vo ids , i n c o h e r e n t p r e c i p i t a t e s , and d i s l o c a t i o n l o o p s . Se lec t ed a r e a d i f f r ac 
t ion p a t t e r n s showed <111> s t r e a k i n g b e t w e e n m a t r i x r e f l e c t i o n s , ind ica t ing 
tha t m o s t of the loops a r e fau l ted . A n o t h e r g e n e r a l f e a t u r e of the m i c r o -
s t r u c t u r e was the a s s o c i a t i o n of m a n y of the vo ids wi th p r e c i p i t a t e p a r t i c l e s . 
This i s not e n t i r e l y s u r p r i s i n g , s ince the f o r m of the p o i n t - d e f e c t flux to 
i n c o h e r e n t p r e c i p i t a t e p a r t i c l e s i s expec ted to be the s a m e a s for v o i d s . * 

Al though only a l i m i t e d amoun t of h i g h - f l u e n c e T E M da ta h a s 
been ob ta ined to d a t e , a c o m p a r i s o n of the p r e s e n t r e s u l t s wi th e l e c t r o n 
m i c r o g r a p h s ob ta ined f r o m e a r l i e r s t u d i e s on m a t e r i a l i r r a d i a t e d in c o m 
p a r a b l e r e a c t o r p o s i t i o n s to a lower d o s e i n d i c a t e s that a t h i g h e r f luences 
swel l ing is o c c u r r i n g p r i m a r i l y by void g rowth . 

*S. D. Harkness and Che-Yu Li, Met. Trans. 2, 1457 (1971). 
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2 . C r e e p , F r a c t u r e , a n d F a t i g u e S t u d i e s o n S t a i n l e s s S t e e l ( 0 2 - 0 9 1 ) 

a . L o w - c y c l e F a t i g u e . C . F . C h e n g a n d R . W. W e e k s ( L a s t 

r e p o r t e d : A N L - 7 8 2 5 , p . 5 .8 ) 

T h e l o w - c y c l e , e l e v a t e d - t e m p e r a t u r e , c r e e p - f a t i g u e t e s t i n g 

p r o g r a m a t A N L i s c u r r e n t l y p r o v i d i n g f a t i g u e d a t a o n T y p e 3 0 4 s t a i n l e s s 

s t e e l i n s u p p o r t of F F T F d e s i g n e v a l u a t i o n s a n d f o r f u t u r e L M F B R c o m p o 

n e n t d e s i g n . 

T h e s p e c i m e n s u s e d a t A N L t o d a t e h a v e b e e n of h o u r g l a s s c o n 

f i g u r a t i o n a n d w e r e o b t a i n e d f r o m t h e p r e v i o u s G e n e r a l E l e c t r i c - N u c l e a r 

S y s t e m s P r o g r a m s ( G E - N S P ) l o w - c y c l e f a t i g u e r e s e a r c h . A t G E - N S P , t h e 

s p e c i m e n b l a n k s w e r e a n n e a l e d a t 1 0 9 2 ° C f o r 30 m i n a n d a i r - q u e n c h e d 

( a b o u t 1 0 0 ° C / m i n c o o l i n g r a t e ) b e f o r e f i n a l m a c h i n i n g , a n d t h e n s t r e s s -

r e l i e v e d a t 760°C f o r 15 m i n a n d a i r - q u e n c h e d a f t e r m a c h i n i n g . T h e r e 

s u l t a n t V i c k e r s H a r d n e s s N u m b e r w a s - 1 3 9 , a n d t h e g r a i n s i z e w a s r e p o r t e d 

a s A S T M 3 0 5 . T h e s p e c i m e n s t e s t e d a t A N L r e c e i v e d t h e s a m e h e a t 

t r e a t m e n t a s t h e s p e c i m e n s t e s t e d i n t h e f o r m e r G E - N S P p r o g r a m ( s e e 

A N L - 7 8 2 5 ) . 

C r e e p - f a t i g u e d a t a g e n e r a t e d a t A N L a r e s u m m a r i z e d i n 

T a b l e s V . 2 - V . 4 . T a b l e V . 2 g i v e s A N L b a s e - l i n e r e s u l t s f o r f u l l y r e v e r s e d , 

s t r a i n - c o n t r o l l e d f a t i g u e t e s t s r u n t o f a i l u r e . T a b l e s V . 3 a n d V . 4 g i v e 

r e s u l t s o b t a i n e d in c r e e p - f a t i g u e h o l d - t i m e t e s t s , w h e r e t h e s p e c i m e n w a s 

s u b j e c t e d t o a h o l d p e r i o d a t t h e p e a k of t h e t e n s i l e p o r t i o n of e a c h s t r a i n 

c y c l e . It i s t h i s i n t e r a c t i o n of c r e e p a n d f a t i g u e t h a t i s of m o s t c o n c e r n i n 

d e s i g n a p p l i c a t i o n s , d u e t o t h e p r e s e n t d i f f i c u l t y i n m a k i n g a c c u r a t e f a i l u r e 

p r e d i c t i o n s . 

We h a v e o b s e r v e d t h a t a t h e r m o d y n a m i c a l l y u n s t a b l e m i c r o -

s t r u c t u r e h a s a s i g n i f i c a n t e f f e c t o n f a t i g u e l i f e . F i g u r e V . l i s a p l o t of 

t o t a l a x i a l s t r a i n ( A e t ) v e r s u s t i m e t o f a i l u r e a t a 4 x 10"^ s e c " ' s t r a i n 

r a t e o n s t r e s s - r e l i e v e d s p e c i m e n s t e s t e d a t 8 0 6 , 1 0 5 0 , a n d 1 2 0 2 ° F 

( T a b l e V . 2 ) . P r e v i o u s G E - N S P * d a t a o n s t r e s s - r e l i e v e d s p e c i m e n s 

( t r i a n g l e s ) a t 1 2 0 2 ° F a n d B M I * * d a t a o n a n n e a l e d a n d g r o u n d s p e c i m e n s 

( d a s h e d l i n e s ) a t 1000 a n d 1 2 0 0 ° F a r e a l s o i n c l u d e d i n F i g . V . l . N o t e t h a t 

a t h i g h e r s t r a i n r a n g e s ( 0 . 5 - 2 % ) t h e r e i s a t e m p e r a t u r e a s w e l l a s a h e a t -

t r e a t m e n t e f f e c t . H o w e v e r , b o t h e f f e c t s a p p e a r t o d i m i n i s h a n d b e c o m e 

n e g l i g i b l e a s t h e s t r a i n r a n g e i s l o w e r e d t o - 0 . 3 % . T h i s i s a t t r i b u t e d t o 

c o n t i n u o u s l y c h a n g i n g m o r p h o l o g y w i t h e x p o s u r e t i m e , a s s h o w n b y t h e 

t i m e - t e m p e r a t u r e - c a r b i d e p r e c i p i t a t i o n d i a g r a m s of S t i c k l e r a n d V i n c k i e r ^ 

( F i g . V . 2 ) , w h i c h i n d i c a t e t h a t t h e p r e c i p i t a t i o n of c a r b i d e t a k e s p l a c e i n t h e 

*J. B. Conway, J. T. Berling, and R. H. Stentz, GEMP-702 (June 1969). 
•*BMI-1903 (Apr 1971). 

'R. Stickler and V. Vinckier, Trans. ASM 54, 362-380 (1961). 



TABLE V.2. Low-cycle Fatigue Data for Annealed AISI Type 304 Stainless Steel Tested In Air 

Test 
No. 

3 

4 

6 

12 

21 

37 

8 

10 

11 

13 

15 

16 

18 

19 

22 

31 

32 

39 

45 

50 

7 

46 

47 

48 

Temp., 
°F 

806 

806 

806 

806 

806 

806 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

1202 

1202 

1202 

1202 

Axial Str 

4c , 
t 

7, 

1.15 

2.22 

0.60 

2.07 

1.07 

0.52 

0.58 

2.06 

0.41 

3.16 

1.90 

1.18 

3.93 

0.99 

0.57 

0.49 

0.45 

1.02 

0.396 

0.280 

0.60 

0.395 

0.795 

1.61 

4E , 
P 

7. 

0.80 

1.66 

0.37 

1.65 

0.81 

0.28 

0.32 

1.58 

0.22 

l.bl 

1.46 

0.82 

3.40 

0.70 

0.36 

0.29 

0.24 

0.67 

0.195 

0.072 

0.35 

0.181 

0.517 

1.242 

a in 

AE , 
e 

% 

0.35 

0.56 

0.23 

0.42 

0.26 

0.25 

0.26 

0.44 

0.20 

0.49 

0.44 

0.36 

0.53 

0.29 

0.21 

0.20 

0.21 

0.35 

0.201 

0.209 

0.25 

0.214 

0.278 

0.369 

Diametral Strain 

A E , , AE , AE , 
a dp de 

7. 7. 7. 

0.50 

1.00 

0.25 

1.03 

0.48 

0.21 

0.24 

0.92 

0.17 

0.98 

0.86 

0.52 

1.86 

0.44 

0.24 

0.21 

0.18 

0.44 

0.158 

0.099 

0.25 

0.158 

0.346 

0.737 

0.40 

0.83 

0.19 

0.91 

0.40 

0.14 

0.16 

0.79 

0.11 

0.84 

0.73 

0.41 

1.70 

0.35 

0.18 

0.15 

0.12 

0.34 

0.097 

0.036 

0.17 

0.091 

0.259 

0.521 

0.10 

0.16 

0.06 

0.12 

0.73 

0.07 

0.08 

0.13 

0.06 

0.15 

0.13 

0.11 

0.16 

0.87 

0.06 

0.06 

0.06 

0.11 

0.061 

0.063 

0.08 

0.067 

0.087 

0.116 

Strain 

E, X lO-', 
•^ -1 
sec 

2.0 

2.0 

2.0 

-
-
-
2.0 

-
-
-
1.7 

2.0 

3.7 

' 
-
-
-
-
-
-
2.0 

-
-
-

Rate 

E X 10'', 
' -1 
sec 

-
-
-
4.1 

4.3 

4.2 

-
4.1 

3.3 

3.8 

-
-
-
3.9 

4.5 

3.9 

3.6 

b 

3.97 

3.74 

-
3.96 

4.25 

4.28 

Frequency 
of Loading, 
cycles/sec 

0.2 

0.1 

0.4 

0.1 

0.2 

0.4 

0.4 

0.1 

0.4 

0.07 

0.1 

0.2 

0.1 

0.2 

0.4 

0.4 

0.4 

0.002 

0.501 

0.668 

0.4 

0.5 

0.267 

0.113 

Stress Range 
Ao at Nj/2, 

psi 

82,116 

131,440 

52,800 

96,208 

60,679 

57,240 

57,741 

96,248 

44,112 

108,782 

98,323 

81,577 

119,162 

64,251 

43,772 

45,216 

47,544 

78,305 

45,110 

46,707 

56,278 

46,149 

59,960 

79,602 

N5, 

cycles 

4,290 

779 

a 

2,303 

10,166 

61,806 

11,600 

1,096 

1,024,160 

497 

986 

2,545 

302 

a 

a 

29,205 

a 

1,105 

88,139 

498,576 

6,260 

19,842 

3,457 

904 

FatiRue 

"5' 
hr 

5.17 

2.32 

a 

6.44 

14.12 

43.16 

7.89 

2.85 

688.5 

2.05 

2.71 

3.47 

0.84 

a 

a 

19.44 

a 

152.7 

48.85 

207.35 

4.25 

11.02 

3.59 

1.88 

Life 

cycles hr 

4,353 6.22 

834 2.47 

29,825 20.71 

2,361 6.6 

10,192 14.15 

61,818 43.17 

11,760 8.0 

1,139 2.94 

1,024,330 688.6 

548 2.23 

991 2.72 

2,611 3.53 

336 0.93 

6,708 9.36 

42,034 29.10 

29,568 19.69 

97,807 67.89 

1,176 162.5 

89,513 49.6 

506,718 210.74 

6,591 4.35 

21,524 11.94 

3,489 3.63 

1,018 2.12 

Data omitted because of recorder failure. 



TABLE V.3. Fatigue Data^ Obtained in Hold-time Tests of AISI Type 304 Stainless Steel in Air 

Test 
No. 

14 

23 

33 

35 

36 

38 

40 

41 

44 

Specimen 
No. 

12A-12 

14A-1 

15A-4 

15A-5 

15A-6 

15A-8 

15A-10 

15A-11 

lA-3 

Hold Per 

Tension 

600.0 

179.2 

58.5 

28.8 

15.9 

170.0 

12.6 

15.0 

1.0 

iod. min 

Com
pression 

0 

0 

0 

0 

0 

0 

0 

0 

0 

, X 1 0 3 . 

sec 

4.3 

2.7 

4.2 

4.1 

3.5 

3.9 

3.8 

4.0 

3.94 

Axial 

7. 

2.13 

1.35 

1.04 

1.03 

0.869 

1.95 

0.475 

0.997 

0.493 

Strain 

AE ,^ 
P 

7. 

1.84 

1.05 

0.75 

0.738 

0.451 

1.646 

0.241 

0.707 

0.259 

Range 

AE ,^ 
e 

% 

0.285 

0.291 

0.289 

0.302 

0.418 

0.304 

0.234 

0.290 

0.234 

"5-
cycles 

-
224 

476 

478 

329 

132 

2,869 

1,112 

13,107 

N3, 

iir 

-
669.7 

463.9 

230.1 

86.5 

372.7 

600.76 

280.98 

217.8 

Fatigue Life 

N3/NJ 

-
0.95 

0.71 

0.79 

0.88 

0.70 

0.76 

0.75 

0.91 

cycles 

93 

236 

672 

606 

375 

190 

3,781 

1,509 

14,427 

iir 

919.13 

704.99 

655.2 

290.5 

99.56 

539.7 

794.27 

377.25 

240.0 

Temp. , 
°F 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

Control mode: Axial strain. 

Test 
No. 

14 

23 

33 

35 

36 

38 

40 

41 

44 

TABLE V. 

Specimen 
No. 

12A-12 

14A-1 

15A-1 

15A-5 

15A-6 

15A-8 

15A-10 

15A-11 

lA-3 

4. Stress R 

Ao at 

Nf/2, 

psi 

81,238 

72,295 

73,413 

72,755 

98,503 

80,253 

54,730 

69.920 

54,531 

elaxation Data Obi 

Ao at 
r 

Nf/2, 

psi 

63,872 

65,150 

63,653 

67,625 

93,673 

68,002 

52,435 

64,970 

52,375 

:ained in Low-cycle 

0 Maximum 

at Nf/2, 

psi 

39,321 

35,329 

35,449 

35,848 

48,663 

39,507 

26,487 

33,033 

26,666 

Fatigue Tests of AISI Type 30̂  

0 Minimum 

at Nf/2, 

psi 

21,956 

28,184 

25,549 

30,858 

43,832 

27,256 

24,171 

28,084 

24,510 

0 Maximum 
c 

at Nf/2, 

psi 

41,916 

36,946 

38,103 

36,767 

49,840 

40,746 

28,243 

36,886 

27,864 

4 Stainless SteE 

r tension' 
psi 

17,365 

3,513 

10,060 

4,990 

4,830 

12,251 

2,295 

4,950 

2,155 

a in Air 

Total Time 
under Tensile 
Stress, iir 

919.13 

704.99 

655.2 

290.5 

99.56 

539.7 

794.27 

377.25 

240.00 

Temp., 
°F 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

1050 

72,040 65,672 29,851 35,821 5,970 



5.5 

e , - 4 K 10 sec 

J I I I I I I I I 

Fig. V.l 

Low-cycle Fatigue Data in Fully Reversed 
Tests of Type 304 Stainless Steel. Neg. 
No. MSD-54961. 

TIME TO FAILURE. hours 

Fig. v.2 

Time-Temperature Dependence of Carbide 
Precipitation. (From Stickler and Vinckier— 
Type 304 stainless steel, 0.0470 carbon.) Neg. 
No. MSD-54802. 

O.OiS O.'S 

fol lowing o r d e r : (a) on the a u s t e n i t e - f e r r i t e g r a i n b o u n d a r i e s , (b) on i n c o 
h e r e n t twin b o u n d a r i e s , (c) on c o h e r e n t t\yin b o u n d a r i e s , and (d) i n s i d e 
a u s t e n i t e g r a i n s . 

D r i v e r * a l s o o b s e r v e d that s e n s i t i z e d a u s t e n i t i c s t a i n l e s s s t e e l 
( F e - 1 8 wt % C r - 1 2 wt % Ni) wi th c a r b i d e p r e c i p i t a t i o n at g r a i n b o u n d a r i e s 
h a s a l onge r fa t igue life in the 600-800°C r a n g e than when t e s t e d in the c o r 
r e s p o n d i n g s o l u t i o n - a n n e a l e d condi t ion . Thus a s t r e s s - r e l i e v e d s p e c i m e n 
(ANL) i s e x p e c t e d to fa i l l a t e r t h a n an a n n e a l e d and ground specirr len (BMI) 
u n d e r a c o r r e s p o n d i n g t e s t condi t ion above 1/2% t o t a l a x i a l s t r a i n r a n g e 
( s ee F i g . V . l ) . The s a m e r e a s o n i n g can be ex tended to exp la in the t e m p e r 
a t u r e effect . With ex tended e x p o s u r e t i m e (>100 h r ) , a l l the s p e c i m e n s in 
F i g . V . l tend to a p p r o a c h s i m i l a r m o r p h o l o g y . The q u e s t i o n r e m a i n s 
w h e t h e r the t e m p e r a t u r e effect i s s ign i f i can t in the r a n g e of 806-1202°F for 
the t h e r m o d y n a m i c a l l y s t a b l e m i c r o s t r u c t u r e . T h i s ques t ion is e x t r e m e l y 
i m p o r t a n t in fu rn i sh ing the d e s i g n e r wi th a r e a l i s t i c f a i l u r e p r e d i c t i o n 
and wi l l be a n s w e r e d as p a r t of the ANL p r o g r a m . 

*J. H. Driver, Metal Science 5̂ , 47-50 (1971). 



5.6 

F i g u r e V . 3 i s a l o g a r i t h m i c p l o t of t i m e t o f a i l u r e v e r s u s h o l d 

t i m e o n s t r e s s - r e l i e v e d s p e c i m e n s a t 

Fig. v .3 . Low-cycle Fatigue Data in Tension Hold 
Tests of Type 304 Stainless Steel. Neg. 
No. MSD-54811. 

0 . 5 a n d 2% s t r a i n r a n g e s a n d a t a 

4 X 10"^ s e c " ' s t r a i n r a t e . P r e v i o u s 

G E - N S P d a t a * o n s t r e s s - r e l i e v e d 

s p e c i m e n s a n d B M I d a t a * * o n a n n e a l e d 

a n d g r o u n d s p e c i m e n s a r e i n c l u d e d . 

I t a p p e a r s t h a t a l i n e a r l o g a r i t h m i c 

r e l a t i o n s h i p e x i s t s b e t w e e n t i m e t o 

f a i l u r e [ (Tf - T Q ) , w h e r e T Q i s t i m e t o 

f a i l u r e w i t h o u t h o l d t i m e ] a n d h o l d 
t i m e a s s u g g e s t e d b y C o n w a y . * A d d i 

t i o n a l t e s t s a r e r e q u i r e d t o c o n f i r m 

t h i s r e l a t i o n s h i p . 

b . S t r e s s R u p t u r e of 2 0 % 

C o l d - w o r k e d A I S I T y p e 3 1 6 

S t a i n l e s s S t e e l a t E l e v a t e d 

T e m p e r a t u r e s . C . Y. C h e n g 

a n d R . W. W e e k s ( N o t 

p r e v i o u s l y r e p o r t e d ) 

T h e a v a i l a b l e s t r e s s -
r u p t u r e d a t a of 20% c o l d - w o r k e d 

A I S I T y p e 3 1 6 s t a i n l e s s s t e e l i s b e i n g e v a l u a t e d s o t h a t a c o r r e l a t i o n c a n b e 
r e c o m m e n d e d t h a t w i l l p r o v i d e t h e L M F B R f u e l - e l e m e n t a n d c o m p o n e n t 
d e s i g n e r w i t h a c o n f i d e n t m e a n s of e x t r a p o l a t i n g t h e r u p t u r e d a t a . A l s o , t h i s 
s t u d y w i l l a i d i n d e t e r m i n i n g t h e r e m a i n i n g a r e a s w h e r e d a t a a r e m o s t n e e d e d . 

T h e u n i - a n d b i a x i a l s t r e s s - r u p t u r e d a t a o b t a i n e d b y WADCO"*" 

a r e s u m m a r i z e d i n F i g . V . 4 . T h e e n g i n e e r i n g h o o p s t r e s s e s a r e u s e d i n t h e 

Fig. v.4 

Stress-Rupture Behavior of 
20̂ 0 Cold-worked Type 316 
Stainless Steel. Neg. No. 
MSD-54962. 

****_; 
T.'F 

1000 
1200 
1400 

FFTF MEAT 
97210 ROD 53 

• • 

• 

HEDL TUBE LOT 
N-1 

a 

0 

o 

N 2 

o 

• 

N-3 

^ 0~ 

• 

*I. B. Conway, I. T. Berling, and R. H. Stentz, GEMP-702 (June 1969). 
**BMI-1903 (Apr 1971). 
"fu D. Blackbum et al., Quarterly Piogress Report, HEDL-TME-71-43. p. 213 (1971); M. M. Paxton, 

Interim Repon, HEDL-TME-71-5g (Apr 1971). 



5.7 

b i a x i a l load ing cond i t ion . F i g u r e V.4 i l l u s t r a t e s tha t t he c r e e p - r u p t u r e 
b e h a v i o r s of t h i s m a t e r i a l tmder u n i - and b i a x i a l loading cond i t ions a r e 
s i m i l a r o v e r a wide r a n g e of s t r e s s and t e m p e r a t u r e . T h u s , if t h i s s i m i 
l a r i t y can be f i r m l y e s t a b l i s h e d , the b i a x i a l b e h a v i o r for t h i s s t r e s s and 
t e m p e r a t u r e r a n g e can be r e a d i l y e s t i m a t e d f r o m the u n i a x i a l r e s u l t s , 
wh ich a r e , e x p e r i m e n t a l l y , m u c h e a s i e r to ob ta in . The u n i a x i a l r e s u l t s 
wi l l be d i s c u s s e d in t e r m s of how the b i a x i a l da ta c o r r e l a t e wi th the r e l a 
t i o n s h i p ob ta ined so le ly f r o m the u n i a x i a l t e s t . 

As h a s been shown,* the r u p t u r e life (tj.) u n d e r a u n i a x i a l 
loading cond i t ion a t e l eva t ed t e m p e r a t u r e s i s i n v e r s e l y p r o p o r t i o n a l to t he 
m i n i m u m c r e e p r a t e (Emin)- S ince the m i n i m u m c r e e p r a t e , in t u r n , can 
be we l l c o r r e l a t e d e m p i r i c a l l y * * with s t r e s s by an e x p r e s s i o n of the f o r m 

Emin = A [ e x p ( - Q / R T ) ] [ s i n h ( a a ) P , ( l ) 

the r u p t u r e life can then be e x p r e s s e d a s 

tj. = A ' [ e x p ( Q / R T ) ] [ s i n h ( a a ) ] " " . (2) 

H e r e Q is the a c t i v a t i o n e n e r g y for c r e e p and i s n o r m a l l y equa l to tha t for 
se l f -d i f fus ion in p u r e m e t a l s . The c o n s t a n t s a and n m a y depend on t e m 
p e r a t u r e and s t r e s s . 

Using the va lue s of a and Q deduced by B a t e s et^ a\_.'^ on 
s o l u t i o n - t r e a t e d Type 316 s t a i n l e s s s t e e l , t he m i n i m u m c r e e p r a t e s of 
20% c o l d - w o r k e d Type 316 s t a i n l e s s s t e e l a r e p r e s e n t e d a c c o r d i n g to Eq . 1 
in F i g . V .5 . E x c e l l e n t c o r r e l a t i o n is ev iden t . The l e a s t - s q u a r e - f i t p r o 
c e d u r e g ives 

S m i n = [exp(59.64 - 116000 /RT) ] [ s inh ( l . 7 9 x 10"5 a ) ] ^ ' ^ \ (3) 

The r u p t u r e da t a a r e then c o r r e l a t e d a c c o r d i n g to Eq. 2, a s shown in 
F i g . V.6. The c o r r e l a t i o n is aga in good. L e a s t - s q u a r e fit of t h e s e da ta y i e ld s 

t r = {exp[-(62.49 - 116000/RT)]}[s inh ( l . 7 9 x 10"^ a)] ' . (4) 

E q u a t i o n s 3 and 4 c l e a r l y i nd i ca t e tha t the u s u a l c o r r e l a t i o n of ty.ae-^^y^ 
a l s o a p p e a r s to hold in t h i s m a t e r i a l . 

The b i a x i a l s t r e s s - r u p t u r e da ta in F i g . V.4 a r e r e p l o t t e d in 
F i g . V.7 u s i n g the s a m e c o n s t a n t as in the u n i a x i a l c a s e . The a g r e e m e n t i s 
f a i r l y good, excep t in the lower s t r e s s r a n g e at the h i g h e s t t e m p e r a t u r e . In 
th i s r e g i o n , a d d i t i o n a l b i a x i a l and u n i a x i a l da ta wi l l be needed to e s t a b l i s h 
w h e t h e r t he c o r r e l a t i o n is s t i l l va l id . 

•I. S. Servi and N. J. Grant, Trans. AIME 191, 909 (1951). 
**F. Garofalo, Fundamentals of Creep and Creep-Rupture in Metals, MacMillan Co., New York (1965). 
t j . F. Bates, E. R. Gilbert, and A. J. Lovell, WHAN-FR-25 (Oct 1970). 
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Fig. V.5. Minimum Creep Rate vs Uniaxial Stress of 20% Cold-worked 
Type 316 Stainless Steel. Neg. No. MSD-54966. 
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The above m e t h o d of c o r r e l a t i o n i s be ing ex tended to AISI 
Type 304 s t a i n l e s s s t e e l . 

3. N o n d e s t r u c t i v e T e s t i n g R e s e a r c h and D e v e l o p m e n t (02-092) 

a. Fas t -ne i - i t ron R a d i o g r a p h y with ^^^Cf. H. B e r g e r and 
N. P . L a p i n s k i (Las t r e p o r t e d : A N L - 7 7 4 2 , p . 109) 

An eva lua t i on of f a s t - n e u t r o n r a d i o g r a p h y wi th Cf s p o n t a n e o u s 
f i s s ion s o u r c e s h a s b e e n c o m p l e t e d . The s tudy a l s o y i e lded i n f o r m a t i o n 
about f i s s i o n n e u t r o n - e x p o s u r e r e q u i r e m e n t s for s e v e r a l i m a g e - d e t e c t i o n 
m e t h o d s . The i n v e s t i g a t i o n was conduc ted wi th a 1 .99-mg s o u r c e f a b r i c a t e d 
a t ORNL and loaned to ANL for th i s p u r p o s e . Add i t i ona l t e s t s w e r e m a d e 
wi th a 4 . 7 4 - m g s o u r c e a v a i l a b l e a t ANL for o t h e r w o r k . In e a c h c a s e , t he 
p h y s i c a l s i z e s ot the s o u r c e s ( a p p r o x i m a t e l y r igh t c y l i n d e r s 3 m m in d i a m 
e t e r and 1-2 m m in he ight ) w e r e l a r g e r than could be c o n t e m p l a t e d for a 
high, s p e c i f i c - a c t i v i t y m a t e r i a l s u c h a s ^^^Cf. This l a r g e s i z e in f luenced 
s o m e of the r e s u l t s by con t r i bu t i ng an i m a g e wi th l e s s s h a r p n e s s than 
migh t be a c h i e v e d u n d e r o p t i m u m c o n d i t i o n s . 

T e s t s w e r e conduc ted wi th t h r e e d e t e c t i o n s y s t e m s . One i n 
volved d i r e c t - e x p o s u r e t e c h n i q u e s wi th fas t X - r a y f i lm and e i t h e r f l u o r e s 
cen t o r p l a s t i c s c r e e n s . In e a c h c a s e (n,p), r e a c t i o n s in the h y d r o g e n o u s 
s c r e e n s and f i lm c o m p o n e n t s p rov ided the p r i m a r y d e t e c t i o n m e c h a n i s m . 
B e c a u s e of the r e l a t i v e l y high g a i n m a - r a d i a t i o n b a c k g r o u n d f r o m the 
s o u r c e , * d i r e c t - e x p o s u r e t e s t s w e r e conduc ted wi th and wi thout l ead and 
b i s m u t h f i l t e r s ( t h i c k n e s s e s 0 .3 -1 .2 c m ) n e a r the s o u r c e . The f i l t e r s 
a p p e a r e d to lead to s o m e w h a t i m p r o v e d n e u t r o n - r a d i o g r a p h i c c o n t r a s t of 
h y d r o g e n o u s o b j e c t s , but y ie lded n o t i c e a b l y l e s s s h a r p r a d i o g r a p h s , p r o b a b l y 
the r e s u l t of s c a t t e r i n g in the f i l t e r m a t e r i a l . T y p i c a l e x p o s u r e r e q u i r e 
m e n t s for d i r e c t - e x p o s u r e t e s t s a r e given in Tab le "V.S. The e x p o s u r e s 
r e q u i r e d for the f i l t e r e d b e a m a r e c o m p a r a b l e to t h o s e found n e c e s s a r y * * 
for e x p o s u r e s of s i m i l a r d e t e c t o r s to 3 - and 14-Me'V n e u t r o n s . 

The o t h e r two e x p o s u r e m e t h o d s s tud ied w e r e t r a c k e t ch and 
a c t i v a t i o n t r a n s f e r . In e a c h c a s e , e s s e n t i a l l y no s e n s i t i v i t y to g a m m a 
r a d i a t i o n w a s d e t e c t e d . The t r a c k - e t c h a p p r o a c h y ie lded ou t l ine i m a g e s 
of r e l a t i v e l y h i g h - c o n t r a s t o b j e c t s . E x p o s u r e s w e r e l i m i t e d to c e l l u l o s e 
n i t r a t e p l a s t i c s in which r e a c t i o n s s u c h a s ' •*H(n,a)"B, ^^0 (n , a ) ' 'C , and 

C(n ,n ' )3a p r o v i d e d the response."*" T e s t s w e r e m a d e wi th E a s t m a n - K o d a k 
Type 106-01 and Kodak P a t h e ' T y p e s CA8015 and LR115 f i h n . Al l gave 
c o m p a r a b l e r e s u l t s and r e q u i r e d t o t a l e x p o s u r e s on the o r d e r of 2 x l o " n / 
cm^. T h i s i s an o r d e r of m a g n i t u d e h i g h e r than e x p o s u r e s ^ f o u n d n e c e s s a r y 

*D. H. Stoddard, Radiation Properties of Californium-252, USAEC Report DP-986, Savannah River Laboratory, 
Aiken, S.C. (196"6V 

**H. Berger. Mater. Eval. 27, 245-253 (1969); H. Berger, Intl. J. Appl. Radiation and Isotopes 21, 59-70 (1970). 
^A. L. Frank and E. V. Benton, Proc. Intl. Conf. on Nuclear Track Registration in Insulating Solids and 
Applications, Clermont-Ferrand, France (1969). 

ttH. Berger, Intl. J. Appl. Radiation and Isotopes 21, 59-70 (1970). 
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for 14-MeV neutrons, which probably reflects the lower crossubsections for 
the indicated reactions of the lower-energy neutrons from Cf. 

Neutron-eitposure Requirements for Direct-exposure Methods 
TABLE V.S. 

Beam Filter 

Kodalc no screen 

X-ray film with plastic 

Kodak Royal Blue 

X-ray film with : 

fluorescent screens' 

X-ray film with Radelin TF 
d 

None 

1.2 cm bismuth'^ 

None 

1.2 cm bismuth'^ 

Exposure to ^^^Cf Neutrons 
for Total Density^ of 1.5, 

n/cm^-sec 

2.3 X 10 

3.9 X 10^ 

1.6 X lo' 

3 X lo' 

'Slanufacturer's recommended processing (hand method) was used. 

''Film was sandwiched between two screens of Lucite, each 0.75 mm thiclt. 

"^Filter was placed adjacent to the neutron source. 

•"Fast-neutron intensity was about 7 x 10 n/cm -sec. Results would be expected 
to vary for other intensities because of reciprocity-law failures. 

From the standpoint of radiographic contrast, the best resul ts 
were obtained with the transfer-detection method. Useful t ransfer reactions 
are given in Table V.b. Exposure requirements for these t ransfer detectors 
are given in Table "V.?, which also includes some comparisons of resul ts 
for 3- and 14-Me"V-energy, accelerator-produced neutrons. Conditions for 
the tests involved activation t imes of 30 min and 16 hr and a t ime between 
activation and transfer to film of 2 min for the accelera tor resul ts and 
10 min for the ^̂ ^Cf resul ts . (The hot-cell arrangement for the radioactive-
source exposures necessitated the longer t imes.) Exposures were made on 
fast X-ray film with lead-backed screens . The use of lead screens had 
previously been shown* to yield an intensification on the order of 20%. Film 

TABLE v.6. characteristics of Transfer-detector Materials 

Reaction 

^^P(n.p)31si 

3^S(n.p)3^P 

^"Bh(n,n')'">h 

"^Cd(n,n')"^'"cd 

115in(„,„.)115mi„ 

Abundance of Target 
Isotope in Normal 

Material, % 

100 

95 

100 

12.7 

95.7 

Threshold Neutron 
Energy for Reaction, 

MeV 

1.8 

1.7 

<0.1 

0.3 

• 
0.5 

Half-life 

2.65 hr 

14.3 days 

57 min 

48.7 min 

4.5 hr 

Reaction Cross 
Millibarns 

Neutrons of 
1 MeV 

-

-

450 

130 

55 

3 MeV 

80 

150 

800 

300 

340 

Section, 
for 

Energy 
14 MeV 

140 

220 

-

-

-

•H. Berger, Intl. J. Appl. Radiation and Isotopes^, 59-70 (1970). 
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TABLE V.7. Neutron Intensities for Transfer-detection, Fast-neutron Radiography 

Activation, 
Material 

Neutron Intensity for 30-min Exposure and Transfer 
to Fast X-ray Film to Yield Total Film Density 1.5 

14-MeV Neutrons 3-MeV Neutrons ^^^Cf Fission-
of Energy, of Energy, energy Neutrons, 
n/cm^-aec n/cm^-sec n/cm^-sec 

Neutron Intensity for 16-hr 
Exposure to ^^^Cf Neutrons and 
Transfer to Fast X-ray Film to 
Yield Total Film Density 1.5, 

n/cm^-sec 

Phosphorus 

Sulfur"* 

Indium 

Cadmium 

Rhodium 

1 X 10 

,,s9 

1.5 X 10 

1.4 X 10 .5 X 10 

9 

See text for conditions of tests. 

Metal foils were used except as indicated. 

Phosphorus was fabricated to sheet form by a mixture of eight parts red phosphorus to 
resin by weight. 

part silicone 

Pressed powder pellets and melted layers were used. 

e x p o s u r e s w e r e m a d e for t h r e e h a l f - l i v e s or m o r e , excep t for su l fur , for 
which only one ha l f - l i f e was u s e d . F i l m r e s u l t s w e r e m a d e equ iva l en t to 
E a s t m a n - K o d a k Type KK o r K o d a k - P a t h e ' Type K o d i r e x f i lm. The 3 0 - m i n 
a c t i v a t i o n r e s u l t s for Cf a r e shown ( see T a b l e "V.7) for c o m p a r i s o n wi th 
the p r e v i o u s l y ob ta ined a c c e l e r a t o r - s o u r c e s t u d i e s . L o n g e r e x p o s u r e s , 
s u c h a s t he o v e r n i g h t t i m e r e p r e s e n t e d by the 1 6 - h r - e x p o s u r e r e s u l t s , a r e 
m o r e prac t i ca l for the r a d i o i s o t o p e s o u r c e . 

An e x a m i n a t i o n of even the l o n g - t e r m r e s u l t s , h o w e v e r , e m p h a 
s i z e s s o m e of the d i f f icu l t ies wi th t y p i c a l s o u r c e s i z e s and r a d i o g r a p h i c 
g e o m e t r i e s . F o r the 4 . 7 4 - m g s o u r c e of ^^Cf, the r e q u i r e d i n t e n s i t y of 
1.5 X 10 n / c m - s e c for sul fur d i c t a t e s a s o u r c e - t o - d e t e c t o r d i s t a n c e of 
about 24 c m ( a s s u m i n g neg l ig ib l e a b s o r p t i o n in the r a d i o g r a p h i c ob jec t ) . F o r 
the m o r e r e a s o n a b l e ha l f - l i f e d e t e c t o r i nd ium, the d i s t a n c e is only about 
10 c m . L a r g e r a c t i v i t y and p h y s i c a l l y s m a l l e r s o u r c e s , m u l t i p l e ac t i va t ion 
s c r e e n s , * and s i m i l a r v a r i a t i o n s m a y lead to s o m e i m p r o v e m e n t s in the r e l 
a t i ve ly poor i m a g e - s h a r p n e s s c h a r a c t e r i s t i c s t ha t r e s u l t f r o m t h e s e v a l u e s . 

R a d i o g r a p h i c s t u d i e s w e r e conduc ted wi th h y d r o g e n o u s ob jec t s 
( r u b b e r and p l a s t i c ) on s t e e l p l a t e s , i n a s m u c h a s the o b j e c t s a p p e a r to 
r e p r e s e n t a r e a s o n a b l e i n d u s t r i a l type of a p p l i c a t i o n for n e u t r o n r ad iog raphy . 
O b s e r v a t i o n s of a r u b b e r O - r i n g , - 4 . 5 m m th ick on 1.27 c m of s t e e l , w e r e 
m a r g i n a l when d i r e c t - e x p o s u r e m e t h o d s w e r e u s e d . A s l igh t i m p r o v e m e n t 
in c o n t r a s t was a t t a i n e d when a l ead or b i s m u t h f i l t e r was u s e d . T r a n s f e r 
e x p o s u r e s p r o d u c e d i m p r o v e d c o n t r a s t of t h i s ob jec t , i nd i ca t i ng tha t d i r e c t -
e x p o s u r e m e t h o d s w e r e p r o b a b l y s e e i n g s o m e c o n t r a s t - r e d u c i n g s e c o n d a r y 
r a d i a t i o n . H o w e v e r , a f u r t h e r i m p r o v e i n e n t of c o n t r a s t was ob ta ined with 
X - r a y or 7 - r a y ( I r ) r a d i o g r a p h s . 

Ibid., see previous page. 
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One m u s t t h e r e f o r e conc lude that f a s t - n e u t r o n r a d i o g r a p h y wi th 
^^^Cf n e u t r o n s o u r c e s offers l im i t ed po t en t i a l for g e n e r a l i n d u s t r i a l a p p l i c a 
t i o n s . Compl i ca t ing s i t ua t ions , such a s r a d i o a c t i v i t y of the r a d i o g r a p h i c 
objec t , m a y tend to favor the u s e of n e u t r o n t e c h n i q u e s . S ince t h i s s i t u a t i o n 
would d i c t a t e the u s e of a g a m m a - i n s e n s i t i v e d e t e c t o r ( p r o b a b l y t he t r a n s f e r 
type) , one would be faced with poor imag ing g e o m e t r y . F o r t h i s p u r p o s e , 
p h y s i c a l l y s m a l l (~1 m m or l e s s ) s o u r c e s of r e l a t i v e l y l a r g e s i z e (10 m g o r 
m o r e ) would offer s ignif icant a d v a n t a g e s . 

b . T h e r m a l - n e u t r o n R a d i o g r a p h y . J. P . B a r t o n ( L a s t r e p o r t e d : 
ANL-7825 , p . 5.12). 

"Work is continuing on the eva lua t ion of the p o t e n t i a l of ^^^Cf for 
t h e r m a l - n e u t r o n r a d i o g r a p h y . Using o p t i m u m t e c h n i q u e s , ^^^Cf r a d i o g r a p h s 
have now been achieved that a r e equa l in qua l i ty to t h o s e o b t a i n a b l e wi th t he 
J u g g e r n a u t r e a c t o r . Quant i ta t ive c o m p a r i s o n s of the r e a c t o r and ^^^Cf 
r a d i o g r a p h s have been obtained us ing the "VISQI t e s t s y s t e m . * An e x p o s u r e 
of 120 m g - h r i s sufficient to p rov ide a ^^^Cf s o u r c e t h e r m a l - n e u t r o n r a d i o 
g r a p h equa l to tha t obta inable f rom the r e a c t o r wi th 1:25 c o U i m a t i o n , 
gadol in ium c o n v e r t e r , and s ingle R f i lm. 

A s e r i e s of nine s c i n t i l l a t o r d e s i g n s has b e e n t e s t e d for the 
Cf fac i l i ty . The s c i n t i l l a t o r s w e r e c o m p r i s e d of a h o m o g e n e o u s m i x t u r e 

of Li F , ZnS, and b inder ; v a r i a b l e s w e r e p a r t i c l e s i z e , m i x t u r e p r o p o r t i o n s , 
and t h i c k n e s s . Sc in t i l l a to r s p r e v i o u s l y used in the ^^^Cf e v a l u a t i o n c o n 
s i s t ed of l a r g e - g r a i n ZnS (20-40 [i), and a m i x t u r e of two p a r t s ZnS to one 
p a r t Li F by weight. Dis t inc t i m p r o v e m e n t s w e r e p o s s i b l e by r e d u c i n g the 
g r a i n s ize of ZnS (7 jd) and i n c r e a s i n g the p r o p o r t i o n of L i ' p (two p a r t s 
Li F , one p a r t ZnS). Such s c r e e n s , when u s e d wi th Kodak R o y a l Blue f i lm, 
p rov ided "^Cf r a d i o g r a p h s s u p e r i o r in qua l i ty to t h o s e of g a d o l i n i u m and n o -
s c r e e n f i lm. These s c i n t i l l a t o r c o n v e r t e r s w e r e m o r e ef f ic ient than the fo i l -
f i lm combina t ion by a fac tor of 12. 

<:• Deve lopment of P u l s e d E d d y - c u r r e n t E q u i p m e n t for T e s t i n g 
F u e l - e l e m e n t J a c k e t s in F E F . C. J . R e n k e n and D. Hu tch in son 
(Las t r e p o r t e d : A N L - 7 8 2 5 , p . 5.9) 

This equipment has been c o n s t r u c t e d , t e s t e d , and sh ipped to 
It c o n s i s t s of e l e c t r o n i c c i r c u i t r y , t e s t p r o b e s , and a t e s t j ig 

that is des igned to p e r m i t the t e s t i ng of 6 . 3 4 - m m ( 0 . 2 5 0 - m . ) n o m i n a l -
d i a m e t e r fuel e l e m e n t s with the spac ing w i r e s t iU a t t a c h e d . A l l the d e s i g n 
c r i t e r i a , which w e r e d i s c u s s e d in A N L - 7 8 2 5 , w e r e fulfi l led. 

*J. P. Barton, A Visual Reading Image Quality Indicator (VISQI) Used for Neutron Radiography, Mater Res 
Stand., to be published. 

ANL-Idaho . 
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4. NDT Characterizat ion of Cladding Alloys (02-133) 

a. NDT Measurement of Effective Cold Work in Cladding Tubes. 
C. J. Renken and N. J. Carson (Last reported: ANL-7783, p. 70) 

The mechanical-modulation method of measuring small amounts 
of permanent magnetism is being used to check the correlat ion between 
magnetic retentivity and cold work in Type 316 stainless steel. The weak 
permanent magnetism exhibited by Type 316 stainless steel is believed to 
be the resul t of the transformation of a small amount of austenite into 
mar tens i te during cold working. In cold-worked rods produced by pulling 
in pure tension, good correlation between the retentivity and the true s train 
was observed. The amount of martensi te seemed to be some type of an 
exponential function of the true strain. Good correlat ion has also been 
observed in some lots of tubing. The martensi te does not appear to be 
important in hardening the tube during the working of Type 316 stainless 
steel. Its usefulness for a nondestructive test of cold work is only as a 
conveniently measured indicator of the strain history of the metal . If the 
mar tens i te is to serve as a useful indicator of s t rain history, however, it 
is apparently important that the heat t reatment before cold work produce a 
stable and reproducible austenitic s tructure with essentially no martensi te 
present . This can be accomplished by a heat soak at 1850-1900°F, followed 
by rapid cooling. Annealing pract ices in tubing mills do not always meet 
the requirement of low martensi te in as-annealed tubing. The presence of 
appreciable martensi te in the tubing before cold working diminishes the 
usefulness of magnetic retentivity as an indicator of cold work, especially 
for low values of cold work. Another problem with magnetic retentivity for 
cold-work measurements is the presence of excess work in the surface 
layers of the tube. Since the buildup of martensi te in Type 316 stainless 
steel with cold work is an exponential function of the cold work, the presence 
of a thin but highly worked surface layer can account for a considerable 
portion of the retentivity of the tube. This surface layer depends upon such 
variables as the lubricant used during the reduction and is not directly r e 
lated to the cold work in the bulk of the tube wall. Experiments are under 
way to define these two effects on magnetic retentivity as an indicator of 
cold working in Type 316 stainless steel and to investigate methods of cor
recting them. Even at this stage of our program, however, it can be con
cluded that retentivity provides a valuable tool for characterizing the 
s tructure of austenitic stainless steel. 

B. Fuel Proper t ies 

1. High-temperature Proper t ies of Ceramic Fuels (02-094) 

a. Plast ic Yielding and Frac ture of Mixed Oxides. J. T. A. Roberts 
and B. J. "Wrona (Last reported: ANL-7783, p. 71) 

A second batch of high-density (97% TD, O / M = 1.97) UO2-
20 wt % PuOj with a grain size of ~6 fl was tested in four-point bending at 
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a s t r a 
t e m p e 

in r a t e of -0 .07 h r " ' ove r a t e m p e r a t u r e r a n g e of 1000-1700°C. The 
r a t u r e dependence of the s t r e n g t h and y ie ld s t r e s s i s shown i n F i g . V . 8 . 

1000 1200 WOO 
TEMPERATURE," 

Fig. V.S Temperature Dependence of the Strength 
of 6-(i Grain Size UO2-2O wt % Pu02. 
Neg. No. MSD-55109. 

T h e b r i t t l e - f r a c t u r e s t r e s s Of' ^^ 

t e m p e r a t u r e - d e p e n d e n t a n d f o l l o w s 

t h e e q u a t i o n 

( k g / c m ' ) = 6 2 9 . 4 + 0 . 3 7 5 T (°C) . 
° F ( 6 M ) 

T h i s h a s a s o m e w h a t l o w e r t e m p e r a 

t u r e d e p e n d e n c e t h a n t h e 2 - ^ s p e c i 

m e n s t e s t e d e a r l i e r ( s e e A N L - 7 7 8 3 ) 

t h a t o b e y e d t h e e q u a t i o n 

( k g / c m ^ ) = 360 + 0 . 5 6 4 T ( °C) 
1^) 

H o w e v e r , t h e r e i s l i t t l e d i f f e r e n c e i n 

f r a c t u r e s t r e s s b e t w e e n t h e t w o 

b a t c h e s a t t e m p e r a t u r e s b e t w e e n 

1 0 0 0 ° C a n d t h e b r i t t l e - t o - d u c t i l e 

t r a n s i t i o n TQ . 

A s p r e v i o u s l y o b s e r v e d , T^ i s l o c a t e d a t t h e t e m p e r a t u r e w h e r e 

m a x i m u m s t r e n g t h i s o b s e r v e d , b u t i t i s 4 5 ° C h i g h e r t h a n T^. f o r t h e 

Z-jd s p e c i m e n . A l s o , a s b e f o r e , t h e s t r e n g t h d e c r e a s e s r a p i d l y a b o v e T^., 

a n d s p e c i m e n s d e v e l o p e x t e n s i v e d u c t i l i t y a n d r e m a i n u n f r a c t u r e d a f t e r 

s t r a i n i n g t o t h e l i m i t s of t h e a p p a r a t u s , i . e . , - 2 - 3 % of t h e o u t e r f i b e r s t r a i n . 

A l l t h e f i n e g r a i n - s i z e (S6 ^u, d e n s i t y r a n g e 8 8 - 9 7 % of t h e o r e t i c a l ) 

s p e c i m e n s t e s t e d t o d a t e h a v e e x h i b i t e d e n h a n c e d p l a s t i c i t y a t t e m p e r a t u r e s 

S 1 0 0 ° C a b o v e T,- . In f a c t , t w o s p e c i m e n s w i t h a g r a i n s i z e of 2 ju w e r e d e 

f o r m e d t o - 1 0 % s t r a i n w i t h o u t f r a c t u r e b y b e n d i n g i n o n e d i r e c t i o n , r e v e r s i n g 

t h e s p e c i m e n , a n d r e p e a t i n g t h e p r o c e d u r e . I n c o n t r a s t , i n U O ^ * ( 9 7 % T D , 

g r a i n s i z e = 8 - 3 1 fi), f r a c t u r e n o r m a l l y o c c u r r e d a f t e r 2 - 3 % s t r a i n . S o m e 

i n s i g h t i n t o t h e m e c h a n i s m ( s ) r e s p o n s i b l e f o r t h i s d u c t i l i t y c a n b e o b t a i n e d 

b y d e t e r m i n i n g t h e s t r a i n - r a t e s e n s i t i v i t y m . I n f o u r - p o i n t b e n d i n g , t h e 

p a r a m e t e r m ^ ( e q u i v a l e n t t o m = S In o / S In e ) i s g i v e n b y * * 

" ^ b 

S In M, 

a I n e 

w h e r e Mj., i s t h e b e n d i n g m o m e n t = •Wa/2 (a = d i s t a n c e b e t w e e n i n n e r a n d 

o u t e r l o a d i n g p o i n t s ) , a n d e i s t h e s t r a i n r a t e . 

*R. F. Canon, J. T. A. Robens, and R. J. Beals, J. Am. Ceram. Soc. 54(2), 105-112 (1971). 
**A. H. Heuer, R. M. Cannon, and W. J. Tighe, Ultrafine Grain Ceramics, Syracuse University Press, 

Syracuse, New York, 1970, Ch. 16, p. 344. 
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Using the Z-fj gra in-s ize specimens as examples, m^ values 
were determined as a function of strain by (a) examination of the s t ra in-
rate dependence of the yield s t r e s s (elastic limit), (b) effect of s train rate 
on the plastic flow curves at 1700°C and strain rates of 0.15 and 0.34 hr" ' , 
and (c) s t ress - re laxa t ion experiments at 1700°C. The resul ts a re presented 
in Table "V.S. Data on the yield s t ress were reported previously (see 
ANL-7783). The flow curves are plotted in Fig. "V.9, and Fig. V.IO shows 
plots of log aW/Bt versus log W used to determine mj^ from s t ress re lax
ation. (The slope of the line in Fig. V.IO yields m" ' , according to the 
relation e = Ao^C^H/RT^ where A is a s t ructure-sensi t ive constant, 
AH is the activation enthalpy, RT has the usual meaning, and n = m" .) 

TABLE v.8. Strain-rate Sensitivity Measurements 

Technique 

Effect of strain rate 
on yield stress (elas
tic limit) 

Effect of strain rate 
on flow curve 

Stress relaxation 

Stress relaxation 

Temperature, 
°C 

1500-1700 

1700 

1700 

1700 

Strain Rate, 
hr-1 

0.15-0.73 

0.15-0.37 

0.15 and 0.37 

0.15 

«b 

0.5 

0.51 

0.6 

0.66 

Strain e , 
% P 

•1.0 

'^0 to 2 

2.78^ 
2.24 

4.8^ 

Specimen was turned over and test repeated to obtain 4.8% accumulated strain. 

Fig. v.9 

Effect of Strain Rate on Flow Curves 

at n00°C. Neg. No. MSD-55108. 

DEFLECTION. 8, ARBITRARY UNITS 

„ 0 

Fig. V.IO ? 

WPlotsof Loge dW/6tvsLoge 

from Stress-relaxation Tests. 3 

Neg. No. MSD-55107. 

Log, W 
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The s t r a i n - r a t e s e n s i t i v i t y shows a s l igh t i n c r e a s e wi th s t r a i n 
and l i e s in the r a n g e 0 .5 -0 .66 , as shown in Tab le V .8 . In c o n t r a s t , v a l u e s 
of m equal to 1.0 or 0 .2-0 .22 ( i . e . , n = 1 o r 4 . 5 - 5 ) a r e g e n e r a l l y m e a s u r e d 
in UO2* and o the r c e r a m i c s . The f o r m e r va lue is a s s o c i a t e d wi th d i f fus iona l 
d e f o r m a t i o n that inc ludes g r a i n - b o u n d a r y s l i d ing ,** w h e r e a s the l a t t e r v a l u e 
i n d i c a t e s the o c c u r r e n c e of a d i s l o c a t i o n c l i m b a n d / o r g l ide p r o c e s s . t In 
t e r m e d i a t e va lues sugges t a combina t ion of both g r a i n - b o u n d a r y s l i d ing and 
g r a i n s l ip , which is only pos s ib l e if the g r a i n s i z e is s m a l l and a suf f ic ien t 
n u m b e r of independent s l ip s y s t e m s a r e p r e s e n t . T h e s e cond i t i ons a r e 
m o r e g e n e r a l l y found in the " s u p e r p l a s t i c " m e t a l l i c alloys,-ft but t he p r e s e n t 
r e s u l t s sugges t that c e r a m i c m a t e r i a l s a r e a l s o c a p a b l e of exh ib i t ing s u p e r -
p l a s t i c i t y under c e r t a i n condi t ions . 

b . T h e r m o d y n a m i c Behav ior of M i x e d - o x i d e F u e l s . N. A. J a v e d 
(Not p r ev ious ly r e p o r t e d ) 

An in t eg ra l p a r t of the p r o g r a m to d e t e r m i n e the effects of non -
s t o i c h i o m e t r y on the m e c h a n i c a l p r o p e r t i e s of m i x e d - o x i d e fue ls (based on 
the solid solut ion of 80% UO2 and 20% PuOj) i s the p r o v i s i o n of the a p p r o 
p r i a t e oxygen p a r t i a l p r e s s u r e s to m a i n t a i n the p a r t i c u l a r o x y g e n - t o - m e t a l 
r a t i o (O/M) dur ing t e s t ing . T h e r m o d y n a m i c da ta a t r e l a t i v e l y low t e m p e r a 
t u r e s (800-1100°C) have been r epo r t ed* for s o l i d - s o l u t i o n c o m p o s i t i o n s of 
(U0.7, Puo.3)02+x, (Uo.85. Puo.i5)02±x' ^^'^ (UQ.89. P^^o. 11 )C>2±x. Using the e l e c t r 
mot ive fo rce (emf) technique . However , a p a r t f r o m d i f f e r e n c e s in the p i 
ton ium content , t he se data m u s t be e x t r a p o l a t e d to r e l a t i v e l y h i g h e r 
t e m p e r a t u r e s (1400-1 700°C) to be r e l e v a n t to the m e c h a n i c a l - p r o p e r t y 
s t ud i e s . 

This e a r l i e r work was t h e r e f o r e ex tended by conduc t ing t r a n 
s p i r a t i on e x p e r i m e n t s in the t e m p e r a t u r e r a n g e 1000-1700°C. M e c h a n i c a l l y 
mixed g r a n u l e s of (UQ g, Puo.2)02+x w e r e e q u i l i b r a t e d wi th v a r i o u s H2/H2O 
m i x t u r e s for 6-28 hr , depending upon the t e m p e r a t u r e and oxygen p a r t i a l 
p r e s s u r e . Fol lowing quenching, the O / M r a t i o s w e r e d e t e r m i n e d , and s o m e 
se lec ted s p e c i m e n s w e r e sub jec ted to X - r a y , n e u t r o n - d i f f r a c t i o n , m e t a l l o 
g raph ic , and m i c r o p r o b e e x a m i n a t i o n s . The d e t a i l s of the a p p a r a t u s , the 
a t m o s p h e r e - c o n t r o l a r r a n g e m e n t s , and the X - r a y m e a s u r e m e n t s have b e e n 
d e s c r i b e d (see ANL-7783 , p . 73, and A N L - 7 8 2 5 , p. 5.19). The O / M r a t i o s 
w e r e d e t e r m i n e d by two m e t h o d s : (a) t o t a l oxygen d e t e r m i n a t i o n by the 
i n e r t - g a s - f u s i o n method , and (b) m e a s u r e m e n t of weight c h a n g e s a f t e r 
adjust ing the O/M ra t io to 2.000 by e q u i l i b r a t i o n in C O / C O j a t 850°C 
(equivalent to an oxygen c h e m i c a l p o t e n t i a l of - 9 7 k c a l / m o l e ) . The r e p r o 
ducibi l i ty and a g r e e m e n t of O / M r a t i o s d e t e r m i n e d by t h e s e m e t h o d s a r e 

o-
lu-

*M. S. Seltzer, A. H. Clauer, and B. A. Wilcox, J. Nuc .̂ Mater. 34, 351 (1970). 
**M. F. Ashby and R. Raj, Tech. Rept. No. 2, Harvard University (July 1970). 

C. R. Barret and W. D. Nix, Acta Met. 13, 1247 (1965). 
T. A. Alden, J. Aust. Inst. Metals 14(4), 207 (1969). 

+T. L. Markin and E. J. Mclver, Plutonium 1965. Chapman and Hall, London, p. 845. 
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wi th in ±0 .005 . X - r a y and m e t a l l o g r a p h i c e x a m i n a t i o n s of the e q u i l i b r a t e d 
s p e c i m e n s wi th O / M \ 1.98 did not r e v e a l the two p h a s e s r e p o r t e d by 
S a r i et a l . * 

0 

- 2 0 

** 1 
JC i 

o 
Q. 

»* 1 -

a: 

- 6 0 

- 6 0 

-100 

-120 

-140 

-160 

—r 

~ 

1 ' 1 ' 1 ' 1 ' 1 ' 1 ' 1 
O I700 'C 
a 1600'C 

' 1 '_ 
— 

A |400"C 
• lOOO'C ^ ^ I 7 0 0 ' C . 

PRESENT STUDY ^ . - " r r - ' ' i 6 0 0 * C . 
EXTRAPOLATED FROM , ; V ' ' ' , 
MARKIN a MclVER'S ''•'"^-'^ 
DATA fC-'' ^ - ' r 

1 
1 

-
-
-
-

o .fr^A^ jf 

1 1 1 1 1 , 1 1 1 1 1 1 1 

1000*^ 

— 
— 

— 
-

— 
1 1 r 

The r e s u l t s of t h e s e e x p e r i m e n t s have b e e n p lo t ted a s A G Q 
v e r s u s O / M for v a r i o u s t e m p e r a t u r e s , a s shown in F i g . V . l l . F o r an 
O / M = 1 .98-2 .06, the da ta of M a r k i n and M c l v e r , * * e x t r a p o l a t e d to h igh 

t e m p e r a t u r e s , have a l s o been p lo t ted 
to inc lude the h y p e r s t o i c h i o m e t r i c 
r eg ion . T h e r e is good a g r e e m e n t 
with the e x t r a p o l a t e d v a l u e s of 
M a r k i n and M c l v e r to O / M = 1.96, 
but be low 1.96, the A G Q v a l u e s 
r e p o r t e d in the p r e s e n t s tudy a r e 
c o n s i s t e n t l y l o w e r . F o r e x a m p l e , 
in F i g . V . l l , the 1700°C i s o t h e r m 
shows tha t a t _ o / M = 1.92 the dif
f e r e n c e in AGOp v a l u e s i s about 
7 k c a l . S i m i l a r d i s c r e p a n c i e s ex i s t 
at o t h e r t e m p e r a t u r e s , but the da ta 
w e r e exc luded to avoid confus ion. 
P o s s i b l e e r r o r s in the p r e s e n t s tudy 
due to n o n a t t a i n m e n t of e q u i l i b r i u m or 
t h e r m a l diffusion w e r e ins ign i f i can t . 
Howeve r , t h e r e a r e at l e a s t two r e a 
sons for d i s c r e p a n c i e s in the O / M 
r e g i o n <1.96. F i r s t , p o s s i b l e c h a n g e s 
in c o m p o s i t i o n m a y o c c u r du r ing the 
cool ing p e r i o d a f t e r quench ing . It 
m i g h t be m e n t i o n e d , h o w e v e r , tha t 

the s p e c i m e n s w e r e quenched by t u r n i n g off the f u r n a c e , and, a f te r a p p r o x i 
m a t e l y 1 m i n d u r i n g which the m a x i m u m t e m p e r a t u r e d r o p o c c u r r e d , an 
- 1 0 ^ m m Hg v a c u u m was s u b s t i t u t e d for the H2/H2O a t m o s p h e r e to avoid 
any c o n t a m i n a t i o n of the f inal p r o d u c t s wi th H2, H2O, o r oxygen . Secondly , 
a c o m b i n a t i o n of e r r o r s r e s u l t i n g f r o m O / M d e t e r m i n a t i o n s , i m p u r i t i e s in 
the s t a r t i n g m a t e r i a l s , e x t r a p o l a t i o n , the emf m e a s u r e m e n t s , and d i f fe ren t 
p lu ton ium con t en t s m a y be r e s p o n s i b l e for the d i s c r e p a n c i e s . 

A plot of A G Q v e r s u s t e m p e r a t u r e was c o n s t r u c t e d for v a r i o u s 
O / M v a l u e s , a s shown in F i g . V.12, f r o m the s m o o t h e d i s o t h e r m l ines in 
F i g . V . l l . The oxygen c h e m i c a l p o t e n t i a l s tha t can be ob ta ined f r o m the 
v a r i o u s H2/H2O r a t i o s (or dew po in t s ) at d i f fe ren t t e m p e r a t u r e s w e r e a l s o 
inc luded . F i g u r e V.12 wi l l be usefu l in con t ro l l i ng s t o i c h i o m e t r y du r ing 
s i n t e r i n g and in s tudying the p h y s i c o c h e m i c a l p r o p e r t i e s of (UQ 5, PUQ 2)02-x 
a s a funct ion of s t o i c h i o m e t r y . 

1.90 1.92 1.94 196 1.96 2.00 202 2.04 2.06 2.0a 

0/M " 

Fig. V. l l . Oxygen Chemical Potentials of 
(Uo.8.Puo.2)02±x « Oxygen-
to-Metal Ratio at Various 
Temperatures. Neg. No. 
MSD-55106. 

*C. Sari, U. Benedict, and H. Blank, J. Nucl. Mater. 35, 267 (1970). 
*»T. L. Markin and E. J. Mclver, Plutonium 1965, Chapman and Hall, London, p. 845. 
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Fig. V.12. Oxygen Chemical Potentials of 
(Uo.8.Puo.2)02-x as a Function 
of 0/M, Temperature, and 
H2/H2O. Neg. No. MSD-54877. 

c . C o m p r e s s i v e C r e e p o£ 

M i x e d - o x i d e F u e l s . 

J . L . R o u t b o r t , 

N . A . J a v e d , a n d 

J . C . " V o g l e w e d e ( N o t 

p r e v i o u s l y r e p o r t e d ) 

T h e d e s i g n , c o n s t r u c t i o n , 

i n s t a l l a t i o n , a n d p r o o f t e s t i n g of t w o 

c o m p r e s s i v e c r e e p m a c h i n e s h a v e 

b e e n c o m p l e t e d . T h e c o m p r e s s i v e 

c r e e p of m i x e d - o x i d e f u e l s i s b e i n g 

s t u d i e d a s a f u n c t i o n of t e m p e r a t u r e , 

s t r e s s , s t o i c h i o m e t r y , a n d m i c r o -

s t r u c t u r e . T h e a p p a r a t u s c o n s i s t s 

of t w o i n d e p e n d e n t l y o p e r a t i n g h i g h -

t e m p e r a t u r e c r e e p m a c h i n e s 

m o u n t e d i n t h e s a m e p l u t o n i u m 

g l o v e b o x . T h e f u r n a c e s a r e d o u b l e -

w a l l , r e c t a n g u l a r c h a m b e r s of 

s t a i n l e s s s t e e l , e a c h h o u s i n g a 3 - i n . - d i a b y 7 - i n . - h i g h s e t of t u n g s t e n - m e s h 

h e a t i n g e l e m e n t s a n d a s s o c i a t e d r a d i a t i o n s h i e l d a s s e m b l i e s . T h e f u r n a c e s 

a r e c a p a b l e of o p e r a t i n g t o 2 5 0 0 ° C , w i t h ± l / 4 ° C s t a b i l i t y , i n v a c u u m , i n e r t , 

o r r e d u c i n g a t m o s p h e r e s . D e t a i l s of t h e a t m o s p h e r e - c o n t r o l s y s t e m w e r e 

r e p o r t e d i n A N L - 7 7 8 3 , p . 7 3 . 

A t u n g s t e n c o m p r e s s i o n c a g e ( s e e F i g . V . 1 3 ) i s u s e d t o a p p l y 

s t r e s s t o c y l i n d r i c a l s a m p l e s b y m e a n s of a d e a d w e i g h t l o a d s u s p e n d e d 

f r o m t h e l o w e r p u l l r o d . L o a d s u p t o 1 0 0 0 l b c a n b e t r a n s m i t t e d t o t h e 

s p e c i m e n t h r o u g h f l e x i b l e c o n n e c t i o n s a t t h e b o t t o m of b o t h t h e f u r n a c e 

a n d g l o v e b o x e n c l o s u r e s . S e l f - a l i g n m e n t of t h e c o m p r e s s i o n c a g e i s 

a c h i e v e d b y a b a l l a n d s o c k e t s e a l a t t h e t o p of t h e u p p e r p u l l r o d . A 

s i m i l a r a r r a n g e m e n t a t t h e j u n c t i o n s of t h e p u U r o d a n d p u l l - r o d f l a n g e s 

u s e s b o r o n n i t r i d e b u s h i n g s a s a h i g h - t e m p e r a t u r e l u b r i c a n t . C o n t a m i n a t i o n 

of t h e s p e c i m e n b y t h e t u n g s t e n - l o a d p l a t e n s i s a v o i d e d b y u s i n g t h o r i a t e d 

t u n g s t e n d i s k s , w h i c h a l s o h a v e i m p r o v e d m i c r o s t r u c t u r a l s t a b i l i t y . 

T h e m e t h o d s u s e d t o d e t e r m i n e l e n g t h c h a n g e s i n t h e s a m p l e a r e 
b y m e a s u r i n g (1) t h e d i s p l a c e m e n t of t h e l o w e r p u l l r o d w i t h a l i n e a r -
v a r i a b l e - d i f f e r e n t i a l t r a n s f o r m e r ( L V D T ) , a n d (2) t h e r e l a t i v e d i s p l a c e m e n t s 
of t h e t w o p l a t e n s i n c o n t a c t w i t h t h e s a m p l e b y m e a n s of a s c i s s o r s - t y p e 
e x t e n s o m e t e r c o u p l e d t o a s e c o n d L V D T . B e c a u s e of t h e c o m p l i c a t i o n s w i t h 
t h e e x t e n s o m e t e r a r r a n g e m e n t , i t h a s b e e n n e c e s s a r y t o r e l y o n m e a s u r e 
m e n t s of t h e l o w e r p u l l - r o d m o v e m e n t o n l y . 

T o c h e c k t h e r e p r o d u c i b i l i t y of t h e c o n t i n u o u s d e f o r m a t i o n -

m o n i t o r i n g a r r a n g e m e n t , t w o i d e n t i c a l U 0 2 - 2 5 w t % PUO2 p e l l e t s w e r e 
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c r e e p - t e s t e d s i m u l t a n e o u s l y a t 1500''C 
and -3000 p s i . The f u r n a c e a t m o s 
p h e r e d u r i n g the t e s t s was pu r i f i ed 
h y d r o g e n , which p r o d u c e d an e q u i l i b 
r i u m oxygen p a r t i a l p r e s s u r e of 
a p p r o x i m a t e l y 10" a t m . The s p e c i 
m e n s w e r e e q u i l i b r a t e d for 16 h r 
be fo re load ing . One of the s t r a i n -
v e r s u s - t i m e c u r v e s i s shown in 
F i g . V.14. The r e s u l t s of the two 
t e s t s a r e s u m m a r i z e d in Tab le V.9 . 

The a c c u m u l a t e d s t r a i n s 
d e t e r m i n e d f r o m the i n i t i a l and f inal 
l eng ths of the s a m p l e and a s m e a s 
u r e d by the LVDT differ by £2%. Th i s 
i n d i c a t e s tha t the d e f o r m a t i o n in the 
loading s y s t e m h a s neg l ig ib le effect 
on the lower p u l l - r o d d i s p l a c e m e n t 
a s m e a s u r e d by the L V D T . M o r e o v e r , 
the 7% d i f f e r ence be tween the s t e a d y -
s t a t e c r e e p r a t e s i s p r o b a b l y due to 
i n h e r e n t d i f f e r e n c e s in the s p e c i m e n 
m i c r o s t r u c t u r e s . 

Two p a r a l l e l and r e l a t e d p r o 
g r a m s a r e be ing conduc ted u s ing t h e s e 
c r e e p m a c h i n e s . One s e r i e s of e x p e r i 
m e n t s wi l l s tudy the effect of m i c r o -

s t r u c t u r e on c r e e p b e t w e e n 1400 and 1600°C and in the s t r e s s r a n g e 1500-
6000 p s i . The o t h e r s e r i e s of e x p e r i m e n t s wi l l be m a d e to s tudy the effect 
of s t o i c h i o m e t r y (1.90 < O / M < 2.00) on c r e e p in s i m i l a r s t r e s s and t e m 
p e r a t u r e r a n g e s . T e s t s p e c i m e n s a r e U02-25 wt % PUO2 f a b r i c a t e d by UNC 

Fig. V.13. Interior of Compressive Creep 
Furnace. Neg. No. MSD-53705. 

Fig. V.14 

Typical Strain-vs-Time Curve. 
Neg. No. MSD-54923. 
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TABLE V.9. Comparison of Creep Apparatus 

Apparatus A Apparatus B 

UO -25 wt X PuO Sample number 

Initial length, mm 

Initial diameter, mm 

Final length, nrai 

Final diameter, mm 

Temperature, "C 

Stress, psi 

Atmosphere 

Steady-state strain rate t , hr 

e, % (calculated from dimensional 
changes) 

e, % (calculated from deformation 
versus time curve) 

-1 

1402-B 

5.510 

5.607 

5.128 

5.853 

1500 

2995 

Flowing H. 

7.46 + 0.04 X 10~ 

6.98 

6.93 

1402-C 

5.605 

5.614 

5.243 

5.847 

1500 

3021 

Flowing H. 

6.99 ± 0.06 X 10~ 

6.46 

6.59 

a n d m a d e a v a i l a b l e t o u s b y W A R D . T h e i n i t i a l O / M r a t i o i s - 1 . 9 6 , t h e 

m e t a l l i c i m p u r i t y l e v e l i s < 5 0 0 p p m (C = 150 p p m , F e a 100 p p m ) , t h e l e n g t h -

t o - d i a m e t e r r a t i o i s - 1 . 0 , t h e d e n s i t y r a n g e i s 8 9 - 9 5 % of t h e o r e t i c a l , a n d t h e 

g r a i n s i z e r a n g e s f r o m 2 t o 25 / i . * 

d. I r r a d i a t i o n E f f e c t s i n C r e e p of O x i d e F u e l s . A . A . S o l o m o n 

( L a s t r e p o r t e d : A N L - 7 8 3 3 , p . 5 . 5 ) 

T h e s e c o n d UO2 c r e e p c a p s u l e i s c o n t i n u i n g t o f u n c t i o n w e l l i n 

t h e G E T R . C r e e p r a t e s a t - 8 0 ° C a n d a s h e a r s t r e s s of - 2 4 0 0 p s i h a v e n o w 

b e e n m e a s u r e d a t f o u r f i s s i o n r a t e s , t h e m a x i m u m b e i n g - 1 x 1 0 f i s s i o n s / 

c m ^ - s e c . T h e c r e e p r a t e i n c r e a s e s w i t h a n i n c r e a s e i n f i s s i o n r a t e . T h i s 

b e h a v i o r w a s a l s o o b s e r v e d i n t h e B a t t e l l e M e m o r i a l I n s t i t u t e i n - p i l e c r e e p 

e x p e r i m e n t s a t t e m p e r a t u r e s a b o v e 1 0 0 0 ° C . 

2 . T h e r m o c h e m i c a l P r o p e r t i e s of R e a c t o r F u e l s ( 0 2 - 1 6 2 ) 

a . F i s s i o n - p r o d u c t O x i d e R e d i s t r i b u t i o n a n d C l a d d i n g I n t e r a c t i o n . 

C . E . C r o u t h a m e l a n d I . J o h n s o n , C E N ( L a s t r e p o r t e d : 

A N L - 7 7 8 3 , p . 8 6 , u n d e r T o t a l E f f u s i o n of P u - O a n d U - P u - O 

S y s t e m s ) 

T h e c h e m i s t r y of t h e U - l v t o - O s y s t e m i s b e i n g i n v e s t i g a t e d t o 
p r o v i d e a b a s i s f o r u n d e r s t a n d i n g t h e e x t e n s i v e m i g r a t i o n of m o l y b d e n u m 
t h a t h a s b e e n o b s e r v e d i n t h e p o s t i r r a d i a t i o n e x a m i n a t i o n of o x i d e f u e l s . 

*P. M. French et al., "Fuel Characterizations," Oxide Fuel Element Development Quarterly Progress Report, 
WARD-4135-4 (1971). 



5.21 

The nnigration of molybdenum during irradiat ion is believed to be related 
to the local values of the oxygen potential and the tempera ture . Fur the r 
more , the migration of volatile molybdenum oxides under the temperature 
gradient in the fuel will redistr ibute the oxygen in the fuel matr ix; this 
process would play a major role in oxygen redistribution in high-burnup 
fuels. In the present investigation, the part ial p res su res of the gaseous 
molybdenum oxide species in equilibrium with UO2-M0O2 mixtures a re 
being determined as a function of the O/M ratio and the temperature . 
A combination of Knudsen effusion and mass spectrometry is being used 
for these studies. 

Pre l iminary experiments were done to determine the general 
nature of the interaction of molybdenum oxide with hyper- and hypostoi
chiometric urania. Samples of M0O2, U02.o8"10 wt % M0O2, and UOi.,^-
10 wt % M0O2 were heated in an iridium-lined Knudsen effusion cell and 
the vapor species and their relative concentrations estimated by mass 
spectrometry. In all cases , M0O2, M0O3, (MO03)2, ^""^ (^003)^ were formed 
in the gas phase effusing from the Knudsen cell. The total p ressure of 
molybdenum oxide species was greatest over the UO2.08"10 wt % M0O2 mix
ture and least over the UO; 9^-10 wt % M0O2 mixture . For each mixture 
and pure M0O2, the order of decreasing partial p ressures was found to be 
M0O3, (Mo03)^, M0O2, and (Mo03)3. 

A more detailed study is under way on the interaction of molyb
denum oxide with hypostoichiometric urania. In the first experiments in 
this study, a mixture of UOj gj and M0O2 was first equilibrated in a closed 
Knudsen cell at about 1693°K for 2 hr and the equilibrium vapor composition 
determined as a function of time at constant temperature . It was found that 
the part ia l p res su res of the four molybdefitjm oxide gaseous species de
creased slowly to nearly constant values as the effusion proceeded. The 
partial p ressu re of gaseous M0O3 (and its polymers) decreased relatively 
more rapidly than that of gaseous M0O2. The experiment was done by suc
cessive additions of 2, 2, and 4 wt % M0O2 to a sample of UOi.9£,. The 
p re s su re -ve r sus - t ime behaviors for the three effusion periods were similar, 
except that after the 4 wt % addition, the part ial p ressures of the gaseous 
species remained nearly constant for about 90 min and then decreased to 
about the same values observed at the end of the two 2 wt % additions. 
From the weight loss of the samples and the average composition of the 
vapor, the overall composition of the samples at the end of the effusion 
stage was estimated. If it is assumed that M0O3 and its polymers are 
formed by the disproportionation reactions 

Y M O 0 2 ( S ) = (Mo03)^(g) + | M O ( C ) , 

then the composition of the oxide phase can be computed. The overall 
composition of the oxide phase was computed to be U0.95M0Q 
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end of a l l t h r e e effusion s t e p s . X - r a y e x a m i n a t i o n of the r e s i d u e c o n f i r m e 
that m e t a l l i c mo lybdenum was p r e s e n t . The l a t t i c e c o n s t a n t of the f l u o r i t e 
p h a s e in the r e s i d u e was s l ight ly s m a l l e r than tha t for s t o i c h i o m e t r i c u r a n i a . 
F r o m the r a t io of the p a r t i a l p r e s s u r e s of M0O2 and M0O3 m the g a s p h a s e 
at the end of the effusion s tage and f r o m t h e r m o d y n a m i c d a t a , * t he o x y g e n 
po ten t i a l (RT In P Q J was e s t i m a t e d to be -81 k c a l / m o l (at 1693 K). F o r 
c o m p a r i s o n , the oxygen po ten t ia l at t h i s t e m p e r a t u r e o v e r the M0-M0O2 
s y s t e m is -71 k c a l / m o l , * w h e r e a s that ove r UO2.„„05 i^ about -80 k c a l / m o l . * * 
T h e s e p r e l i m i n a r y r e s u l t s sugges t a s igni f icant effect on the oxygen p o t e n t i a l 
of u r a n i a by molybdenum. 

b . U - P u - O F u e l - F i s s i o n - p r o d u c t I n t e r a c t i o n s . C. E . C r o u t h a m e l 
and I. Johnson, CEN [Las t r e p o r t e d : A N L - 7 7 8 3 , p . 88, u n d e r 
P h a s e D i a g r a m Studies of the U - P u - O S y s t e m Con ta in ing F i s s i o n 
P r o d u c t s (Nonrad ioac t ive I s o t o p e s ) ] 

The c h e m i s t r y of the P u - U - C s - O s y s t e m i s u n d e r i n v e s t i g a t i o n 
to prov ide a fac tual b a s i s for u n d e r s t a n d i n g the i n t e r a c t i o n of f i s s i o n -
produc t c e s i u m with the UO2-PUO2 fuel m a t r i x u n d e r r e a c t o r o p e r a t i o n a l 
condi t ions . The i n t e r ac t i on of c e s i u m with the fuel m a t r i x a p p e a r s to be 
i m p o r t a n t in d e t e r m i n i n g the extent of c ladding a t t a c k and the m a g n i t u d e of 
sol id fuel swel l ing . In the p r e s e n t i nves t i ga t i on , the a c t i v i t y of c e s i u m in 
a mixed UO2-PUO2 m a t r i x will be d e t e r m i n e d as a funct ion of c o m p o s i t i o n 
and t e m p e r a t u r e . The c e s i u m ac t iv i ty i s expec t ed to be s ign i f i can t ly d e 
pendent on the oxygen po ten t ia l of the s y s t e m , the c e s i u m con ten t of the 
sol id p h a s e s , the na tu re ( s t r u c t u r e ) of the sol id p h a s e s , and the t e m p e r a t u r e . 

To gain a rap id ins ight into the i n t e r a c t i o n of c e s i u m wi th a 
typ ica l fuel oxide, the in i t i a l e x p e r i m e n t s a r e be ing conduc ted u s i n g u r a n i a 
as a s t a n d - i n for the mixed u r a n i u m - p l u t o n i u m ox ide . S a m p l e s of the U-
C s - O s y s t e m have been p r e p a r e d by hea t t r e a t m e n t of m i x t u r e s of u r a n i a , 
c e s i u m oxide, and c e s i u m m e t a l in s e a l e d c a p s u l e s . The p h a s e s p r e s e n t 
in the s a m p l e s after heat t r e a t m e n t a r e being d e t e r m i n e d by X - r a y d i f f r a c 
t ion a n a l y s i s . The vapor c o m p o s i t i o n ove r s e l e c t e d s a m p l e s h a s b e e n 
d e t e r m i n e d a s a function of t e m p e r a t u r e by Knudsen e f f u s i o n - m a s s 
s p e c t r o m e t r y . 

A s e r i e s of s a m p l e p r e p a r a t i o n e x p e r i m e n t s i n d i c a t e d tha t 
u r a n i a and c e s i u m oxide r e a c t when hea ted a t ~720°C to y ie ld c e s i u m u r a n a t e 
(CS2UO4). Depending on the r e l a t i v e a m o u n t s of u r a n i a and c e s i u m oxide 
used , the r eac t i on p roduc t wil l a l so conta in e i t h e r u n r e a c t e d u r a n i a o r 
c e s i u m oxide. Knudsen-ef fus ion , m a s s - s p e c t r o m e t r i c e x p e r i m e n t s have 
been done with m i x t u r e s of c e s i u m u r a n a t e and c e s i u m oxide ; u r a n i a and 
c e s i u m u r a n a t e ; and u r a n i a , c e s i u m u r a n a t e , and c e s i u m ox ide . The c e s i u m 
oxide contained a s m a l l amoun t of c e s i u m p e r o x i d e . 

*JANAF Thermodynamic Data, Dow Chemical Company, Midland, Michigan (June 30. 1967). 
**K. Hagemark and M. Broli, J. Inorg. Nucl. Chem. 28, 2837 (1966). 
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When the mixture of cesium uranate and cesium oxide was heated 
at ~600°C in the Knudsen effusion cell, the rate of weight loss rapidly ap
proached a constant value corresponding to a cesium part ial p ressure of 
about 3 X 10"' atm. After about 20 hr of vaporization, the cesium part ial 
p re s su re decreased to about 2 x 10"' atm. 

When a mixture of urania and cesium uranate was heated, the 
rate of weight loss rapidly approached a constant value corresponding to a 
cesium pressure of 2.6 x 10"^ atm at 585°C. 

When a mixture of urania, cesium uranate, and cesium oxide 
was heated together at -600°C, the rate of weight loss gradually decreased 
over an 8-hr period. Initially, the rate of weight loss was approximately 
the same as that observed for the cesium uranate-ces ium oxide mixture. 
The final rate of weight loss was approximately the same as that observed 
for the mixture of urania and cesium uranate. F rom these observations it 
has been tentatively concluded that three different processes a re involved. 
Cesium oxide may vaporize from a liquid oxide phase (the studies were 
made above the melting point of all cesium oxides) either in the presence of 
cesium uranate or in the presence of ce.sium uranate and urania. In the 
latter case, the cesium oxide inelt reacts with the urania concurrently with 
the vaporization process . Finally, for mixtures of urania and cesium 
uranate, the vaporization process may be represented by the equation 

CS2U04(S) = U02+x{s) + 2Cs(g) + (l "f)[02]u02+x' 

where the oxygen formed dissolves in the hyperstoichiometric urania 
present . 

The resul ts of these experiments indicate the probable behavior 
of fission-product cesium in the cooler, unrestructured region of the fuel 
near the cladding. As the oxygen pressure in this region increases with fuel 
burnup, there would be a tendency for fission-product cesium to react with 
the oxide mat r ix to form cesium uranate rather than cesium oxide. This 
reaction would maintain a much lower cesium partial p ressu re in the un
res t ructured region than would be maintained if all the cesium were gaseous. 

C. Fuel Elements 

1. Behavior of Reactor Materials (02-086) 

a. Migration of Major Fuel Constituents. R. O. Meyer and 
D. R. O'Boyle (Last reported: ANL-7825, p. 5.27) 

(1) Simplified Method of Calculating Radial Temperature 
Distribution in Mixed-oxide Fuel. The radial tempera ture distribution in 
mixed-oxide fuel rods is needed in many aspects of postirradiat ion 
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e x a m i n a t i o n a n d a n a l y s i s . T o o b t a i n t h e s e t e m p e r a t u r e s , c a l c u l a t i o n s a r e 

u s u a l l y p e r f o r m e d n u m e r i c a l l y * s o t h a t t h e e f f e c t s of t e m p e r a t u r e a n d 

p o r o s i t y on t h e t h e r m a l c o n d u c t i v i t y of t h e f u e l c a n b e i n c l u d e d . A m e t h o d 

h a s b e e n d e v e l o p e d f o r a n a n a l y t i c a l s o l u t i o n t o t h e h e a t - f l o w p r o b l e m t h a t 

a c c o u n t s f o r t e m p e r a t u r e v a r i a t i o n s of t h e t h e r m a l c o n d u c t i v i t y a n d a c c o u n t s 

a p p r o x i m a t e l y f o r p o r o s i t y v a r i a t i o n s . T h i s s o l u t i o n i s o b t a i n e d b y u s i n g 

s i m p l e f u n c t i o n s t o r e p r e s e n t t h e t h e r m a l c o n d u c t i v i t y o v e r t w o l i m i t e d 

t e m p e r a t u r e r e g i o n s . 

S e v e r a l t h e r m a l - c o n d u c t i v i t y f u n c t i o n s f o r m i x e d - o x i d e 

f u e l s h a v e b e e n r e p o r t e d . * * T h e e q u a t i o n of B i a n c h e r i a e t a l . , w h i c h i s t h e 

o n l y e x p r e s s i o n t h a t t a k e s i n t o a c c o u n t t h e c o n d u c t i v i t y m e a s u r e m e n t s of 

Gibby"!" a n d v a n C r a e y n e s t a n d W e i l b a c h e r , " H " i s 

k ( w / c m • °K) = [ 3 . 1 1 + 0 . 0 2 7 2 T ( ° K ) ] " ' + 5 . 3 9 X l O ' ^ T ^ C K ) . ( l ) 

T h i s e x p r e s s i o n , s o m e t i m e s c a l l e d t h e F T R d e s i g n e q u a t i o n , a p p l i e s t o 

9 5 % t h e o r e t i c a l l y d e n s e ( U Q . B , P U O . 2 ) C > 2 . w h i c h i s s t o i c h i o m e t r i c b e l o w 1 4 0 0 ° C 

b u t h a s a n o x y g e n - t o - m e t a l r a t i o of 1.98 a b o v e 1 4 0 0 ° C . * E q u a t i o n 1 c o r 

r e l a t e s w e l l w i t h r e c e n t t h e r m a l - c o n d u c t i v i t y d a t a * * a s w e l l a s w i t h p r e v i o u s 

d a t a § o n u r a n i u m d i o x i d e . T h i s c o n d u c t i v i t y f u n c t i o n c a n b e a p p r o x i m a t e d 

q u i t e w e l l o v e r t h e 5 0 0 - 2 5 0 0 ° C r a n g e b y t w o s i m p l e r f u n c t i o n s 

k ( w / c m . °K) = [ 8 . 7 4 + 0 . 0 2 1 3 T ( ° K ) ] " ' ( R e g i o n I: 5 0 0 ° C < T < 1 4 0 0 ° C ) ; (2) 

k ( w / c m • °K) = 0 . 0 2 2 5 ( R e g i o n I I : I 4 0 0 ° C < T < 2 5 0 0 ° C ) . (3 ) 

T h e s e e q u a t i o n s a r e s h o w n g r a p h i c a l l y i n F i g . V . 1 5 . 

T h e h e a t - f l o w e q u a t i o n i n p o l a r c o o r d i n a t e s i s 

a^T 1 S T g 

w h e r e g m w/cxn' i s t h e h e a t - g e n e r a t i o n r a t e . E q u a t i o n 4 c a n b e s o l v e d i n 
t e r m s of a n a l y t i c a l f u n c t i o n s w h e n k i s g i v e n b y e i t h e r E q . 2 o r 3 . 

*V. Z. Jankus and R. W. Weeks, LlFE-1. a FORTRAN-IV Computer Code for the Prediction of Fast-reactor 
Fuel-element Behavior, ANL-7736 (Nov 1970) ' 

^•Charles W. Sayles, Trans. Am. Nucl. Soc. 10, 458 (1967): W. E. Barly, E. A. Aitken, R. R. Asamoto, and 
C N Crarg, Nuc . Met. 13, 293 (1968); A. Biancheria et al., WARD^135-1, p. 6 (Sept 1969); H. KSmpf 
and G. Karsten, Nucl. Appl. and Tech. ^, 288 (1970). f p ;, ampi 

'R. L. Gibby, J. Nucl. Mater. 38̂ , 163 (1971). 

t t j . C. van Craeynest and J. C. Weilbacher, J. Nucl. Mater. 20, 132 (1968) 
___̂A. Biancheria, Westinghouse Advanced Reactors Division, private communication (1971) 

J.Hochel, G. Saur, and H. Borchers, J. Nucl. Mater. 33, 225 (1969); J. B. Ainscough and M. J, Wheeler 
^Brit. J. Appl. Phys. (Set. 2) 1. 859 (1968). ~ b >• wneeier. 
International Atomic Energy Agency, Technical Reports Series No. 59, IAEA, Vienna (1966). 
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I400'C<T<E500''C 

_£z: 

Fig. V.15 

Thermal Conductivity of (UQ.8.Pug.2)02, as a 
Function of Temperature, Approximated over 
Two Temperature Regions by Simpler Func
tions. Values apply to 95̂ 70 theoretically 
dense material; stoichiometric below 1400''C; 
and O/M ratio 1.98, above 1400°C. Neg. 
No. MSD-54981. 

TEMPERATURE.'C 

As the d e n s i t y of the fuel i n c r e a s e s due to r e s t r u c t u r i n g , 
bo th the h e a t - g e n e r a t i o n r a t e g and the t h e r m a l conduc t iv i ty k i n c r e a s e 
so tha t Eq. 4 b e c o m e s l e s s s e n s i t i v e to p o r o s i t y than e i t h e r g o r k. Thus , 
if the h e a t - g e n e r a t i o n r a t e and t h e r m a l - c o n d u c t i v i t y v a l u e s a r e ad jus ted to 
s o m e a v e r a g e p o r o s i t y va lue , v a r i a t i o n s in p o r o s i t y wi l l be c o m p e n s a t e d for 
in an a p p r o x i m a t e m a n n e r . F o r fuel in a f a s t - n e u t r o n flux, the h e a t -
g e n e r a t i o n r a t e can be t a k e n p r o p o r t i o n a l to the fuel d e n s i t y , w h e r e a s the 
t h e r m a l conduc t iv i ty can be c o r r e c t e d wi th the M a x w e l l - E u c k e n f ac to r 
(1 - P ) / ( l + /3P), w h e r e P is the v o l u m e f r ac t i on of p o r o s i t y , and |3 is a 
p o r o s i t y s h a p e f a c t o r . * After ad jus t ing g and k to an a v e r a g e p o r o s i t y 
va lue , let G r e p r e s e n t the h e a t - g e n e r a t i o n r a t e and let E q s . 2 and 3 be 
r e p r e s e n t e d by 

(A + B T ) " ' (Region I) (5) 

a n d 

K (Region II) (6) 

w h e r e G, A, B, and K a r e now c o n s t a n t s . 

The so lu t ions of Eq. 4 involve B e s s e l funct ions and s i m p l e r 
func t ions . The c a l c u l a t i o n s needed to eva lua t e i n t e g r a t i o n c o n s t a n t s can a l l 
be p e r f o r m e d by hand; h o w e v e r , the e x i s t e n c e of a B e s s e l - f u n c t i o n s u b 
rou t ine in the ANL P r o g r a m L i b r a r y h a s m a d e the u s e of the c o m p u t e r 
d e s i r a b l e . A s h o r t c o m p u t e r p r o g r a m h a s been w r i t t e n to e v a l u a t e t h e s e 
s o l u t i o n s . 

The above m e t h o d of c a l c u l a t i n g t e m p e r a t u r e s has been 
c o m p a r e d wi th s e v e r a l m o r e c o m p l i c a t e d m e t h o d s u s i n g the s a m e t h e r m a l -
conduc t iv i ty funct ion, and the r e s u l t s w e r e s a t i s f a c t o r y . A modi f ied v e r s i o n 
of the L I F E code y ie lded c e r t e r l i n e t e m p e r a t u r e s tha t w e r e 11°C lower and 
14°C h i g h e r , r e s p e c t i v e l y , in two e x a m p l e s * * at l i n e a r p o w e r r a t i n g s of 

*A. Biancheria, Trans. Am. Nucl. Soc. 9, 15 (1966); G. P. Marino, J. Nucl. Mater. 38, 178 (1971). 
•*R. B. Poeppel, ANL, private communication (1971). 
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7 and 14 k w / f t . In ano ther e x a m p l e * at 14 k w / f t for a d i f f e ren t pe l l e t 
dens i t y , the L I F E code gave a c e n t e r l i n e t e m p e r a t u r e 41°C l o w e r than the 
p r e s e n t m e t h o d . In two addi t iona l e x a m p l e s us ing a c o m p u t e r p r o g r a m 
ca l l ed MARGE, M a r r and Thompson** ob ta ined c e n t e r l i n e t e m p e r a t u r e s 
127 and 90°C h igher than the p r e s e n t m e t h o d for power r a t i n g s of 11.9 and 
17.2 kW/ft , r e s p e c t i v e l y . 

It is our opinion that us ing a s ing le f i x e d - t e m p e r a t u r e 
bounda ry condit ion to ca lcu la t e t e m p e r a t u r e s in fuel r o d s i s i n h e r e n t l y 
u n r e l i a b l e . The ca lcu la ted t e m p e r a t u r e s a r e e s s e n t i a l l y i n v e r s e l y p r o p o r 
t iona l to the t h e r m a l conduct ivi ty , and the s t r o n g effects of p o r o s i t y v o l u m e 
and m o r p h o l o g y , t stoichiometry,"f+ and burnup* on t h e r m a l c o n d u c t i v i t y a r e 
we l l r e cogn i zed . Under these c i r c u m s t a n c e s , an a p p r o x i m a t e m e t h o d of 
ca lcu la t ing t e m p e r a t u r e that i s ea sy to u s e and wi th l i m i t a t i o n s tha t a r e 
c l e a r l y evident has c o n s i d e r a b l e m e r i t . 

2. Oxide F u e l Studies (02-005) 

a. F u e l - s w e l l i n g S tud ies . L. C. M i c h e l s and G. M. D r a g e l ( L a s t 
r epo r t ed : ANL-7798 , p . 68) 

F u l l r a d i a l examina t ion by f r a c t u r e - r e p l i c a e l e c t r o n m i c r o s c o p y 
of a t r a n s v e r s e sec t ion f rom the m i x e d - o x i d e p o r t i o n of NUMEC fuel e l e 
m e n t C-1 is being conducted. This e l e m e n t was i r r a d i a t e d in E B R - I I to a 
peak burnup of 10.9 at . % at a peak l i nea r power of 14.7 kW/f t . The t r a n s 
v e r s e sec t ion being examined was t aken f r o m the peak p o w e r p o r t i o n of the 
e l e m e n t . A p r e l i m i n a r y a n a l y s i s of t h e s e r e s u l t s a t h igh b u r n u p p r o v i d e d 
conf i rmat ion of two impor t an t o b s e r v a t i o n s m a d e in l o w e r - b u r n u p e l e m e n t s 
(see ANL-7798 , p . 68). These a r e , f i r s t , the e x i s t e n c e of g r a i n - e d g e open ings 
in the u n r e s t r u c t u r e d reg ion of the fuel, and second , the e x i s t e n c e of i n t e r 
linked elongated bubbles on the g r a in b o u n d a r i e s and a long g r a i n e d g e s in 
the c o l u m n a r - g r a i n - g r o w t h reg ion of the fuel . F r o m t h e s e p r e l i m i n a r y 
o b s e r v a t i o n s , it has not been p o s s i b l e to d e t e r m i n e if a b u r n u p d e p e n d e n c e 
e x i s t s for these phenomena. A s igni f icant change in the m o r p h o l o g y of the 
g r a i n - e d g e openings and the f i s s i o n - g a s bubb le s m i g h t h e l p to exp la in the 
i n c r e a s e found in f i s s i o n - g a s r e l e a s e wi th b u r n u p . 

*M. Katsuragawa, ANL, private communication (1971). 
**W. W. Marr and D. H. Thompson, Trans. Am. Nucl. Soc. 14, 150 (1971). 
"TH. Kampf and G. Karsten, Nucl. Appl. and Tech. £, 688 (1970); A. Biancheria, Trans. Am. Nucl. Soc. 9, 
15 (1966); G. P. Marino, J. Nucl. Mater, 38, 178 (1971). 

TTj. C. van Craeynest and J. C. Weilbacher, J. Nucl. Mater. 26, 132 (1968); R. L. Gibby, BNWL-927 
(Jan 1969). ~ 
H. Kleykamp, Karlsrahe (Germany) Report EURFNR-817 (July 1970). 
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b . F u e l - e l e m e n t P e r f o r m a n c e . L. A. N e i m a r k , J . E . A y e r , and 
J . D. B. L a m b e r t ( L a s t r e p o r t e d : A N L - 7 7 3 7 , p . 116) 

(1) G r o u p s 0 - 4 and 0 - 5 , Cladding D e f o r m a t i o n M e c h a n i s m s . 
The G r o u p s 0 - 4 and 0 - 5 s e r i e s of the E B R - I I e x p e r i m e n t s a r e being con 
duc ted to i n v e s t i g a t e the m e c h a n i s m s that c a u s e f u e l - e l e m e n t d i m e n s i o n a l 
c h a n g e s and to t e s t and i m p r o v e m o d e l s now u s e d in the ANL f u e l - e l e m e n t 
b e h a v i o r c o d e s . Of the 34 e l e m e n t s r e q u i r e d for the f i r s t loading of the 
0 - 4 and 0 - 5 i r r a d i a t i o n s , 25 e l e m e n t s a r e c o m p l e t e and a r e u n d e r g o i n g 
n o n d e s t r u c t i v e e x a m i n a t i o n . Of the n ine e l e m e n t s r e m a i n i n g , four a r e in 
the p r o c e s s of f inal a s s e m b l y , the fuel for four add i t i ona l e l e m e n t s is 
be ing h e a t - t r e a t e d to yie ld an o x y g e n - t o - m e t a l ( O / M ) r a t i o of 1.94, and the 
l a s t e l e m e n t , con ta in ing so lge l fuel, wi l l be loaded in the n e a r fu tu re . 

The c o m p l e t e d e l e m e n t s have been ind iv idua l ly r a d i o g r a p h e d 
a longs ide a l eng th s t a n d a r d . T h i s l eng th s t a n d a r d wi l l a c c o m p a n y the e l e 
m e n t s t h r o u g h t h e i r i n t e r i m and f inal p o s t i r r a d i a t i o n e x a m i n a t i o n s . D i a m 
e t e r s c a n s of e a c h e l e m e n t at 0, 45 , 90, and 180° o r i e n t a t i o n s a r e be ing 
g e n e r a t e d wi th a p r o f i l o m e t e r that i s i d e n t i c a l to the one i n - c e l l in the 
M a t e r i a l s Sc i ence Div i s ion Hot C e l l s . A lapped d i a m e t e r s t a n d a r d is being 
used for i n s t r u m e n t c a l i b r a t i o n . Th i s s t a n d a r d , which is s c r e w e d into the 
top end of e a c h e l e m e n t in t u r n , wi l l a l so be used for p o s t i r r a d i a t i o n p r o 
f i l o m e t r y . O v e r a l l l eng th m e a s u r e m e n t s wil l be obta ined with a j ig , which 
wi l l be s i m i l a r l y u s e d i n - c e l l . In th i s way, qua l i ty a s s u r a n c e of e l e m e n t 
m e a s u r e m e n t s b e f o r e and a f t e r i r r a d i a t i o n wi l l be m a i n t a i n e d . S i m i l a r 
p r o c e d u r e s wi l l be app l ied to m e a s u r e m e n t s on the c a p s u l e s . 

R e d u c t i o n of the O / M r a t i o of the fuel for four of the e l e 
m e n t s is be ing p e r f o r m e d by N. J a v e d wi th*appa ra tus tha t h a s b e e n d e s c r i b e d 
p r e v i o u s l y ( A N L - 7 7 8 3 , p . 73). The e x p e r i m e n t a l t e chn ique i nvo lves the 
p a s s a g e of c o m m e r c i a l - g r a d e h y d r o g e n o v e r s t o i c h i o m e t r i c fuel held at 
-1500°C for 16-20 h r . The f i r s t f i r ing of 75 g of (U,Pu)02 fuel s u c c e s s f u l l y 
r e d u c e d the O / M va lue f r o m 1.98 (nomina l ) to 1.938 ( m e a s u r e d g r a v i m e t -
r i c a l l y by e q u i l i b r a t i o n in CO/CO2 at -850°C) . R e p r o d u c i b i l i t y in the final 
O / M va lue a p p e a r s to be ±0 .005 . 

The sa fe ty of the fuel e l e m e n t s a t the beg inn ing of life du r ing 
p o s t u l a t e d a c c i d e n t cond i t ions in E B R - I I * is be ing eva lua t ed by us ing the 
T H T B t r a n s i e n t h e a t - t r a n s f e r c o d e . * * T e m p e r a t u r e s tha t a r e ach ieved 
d u r i n g f l o w - c o a s t d o w n and i n a d v e r t e n t r e a c t i v i t y i n s e r t i o n have been d e t e r 
m i n e d for the p e a k - r a t e d e l e m e n t in the G r o u p 0 - 4 s u b a s s e m b l y . The 
t e m p e r a t u r e - t i m e p lo t s a r e g iven in F i g s . V.16 and V.17. D u r i n g flow-
c o a s t d o w n ( F i g . V.16) , the m a x i m u m c ladd ing m i d w a l l and coolan t t e m p e r a 
t u r e s a r e 720 and 680°C, r e s p e c t i v e l y , and t h e s e o c c u r s o m e 10-12 sec af ter 

•Guide for Irradiation Experiments in EBR-11, Rev. 4. 
**THTB(GE)—Three Dimensional Transient Heat Transfer, Program Library 2209/RE 322, Applied Mathematics 

Division, ANL (Aug 1966). 
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the coolant flow s t a r t s to d e c r e a s e . B e c a u s e of the low di f fus iv i ty of the 
(U,Pu)02 ^^^ the fue l -c ladding i n t e r f a c e , t e m p e r a t u r e s in the fuel d e c r e a s e 
f r o m t i m e z e r o . A second t e m p e r a t u r e s u r g e of s m a l l e r m a g n i t u d e o c c u r s 
at - 6 0 s e c . At ne i the r t i m e wil l the e l e m e n t be unsafe due to s t r e s s e s 
g e n e r a t e d by i n c r e a s e d t e m p e r a t u r e . 

ELEMENT 405AP5 

FULL POWER- l i e kW/ f l 
F U L L F L O W - 4 6 ( t / ) « e 

— COOLANT F L O W 

PEiCTOH POWER 

RUN TERMINATED 

AFTER 115 SECONDS. 

\ 

Fig, V.16. Calculated Maximum Temperatures Achieved in the Peak-
rated Element in Group 0-4 during a Postulated Flow-
coastdown in EBR-II (power and flow conditions shown at 
left). Neg. No. MSD-151264. 

CONTROL ROD INSERTION 

IN EBR n - E L E M E N T 405aP5 

FULL POWER- 11 6 k W 

TIME IN SECONDS AFTER 
START OF TRANSIENT 

Ig. V.17. Calculated Maximum Temperatures Achieved in Peak-
rated Element in Group 0-4 during Postulated Reactivity 
Insertion in EBR-II (shown at left). Neg. No. MSD-161265. 
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During the postulated reactor power ramp (Fig. V.17), the 
(U, Pu)02 is f irst seen to undergo center melting (slightly below the center 
plane of the element) 34 sec after the s tar t of the t ransients , when the r e 
actor power is -125% of full power. After 45 sec, more extensive fuel 
center melting has occurred, although the amount is still insufficient to 
supply a hydrostatic loading to the cladding. (Available voidage in the fuel 
will probably accommodate the 10% volume increase on melting.) Also, at 
this t ime the capsule and coolant temperatures are some 150-200°C below 
their boiling points. As remedial action is taken, approximately 10-12 sec 
after the s tar t of the power transient, the fuel elements should be safe. 
The calculations a re being repeated for the peak-rated element in the 
Group 0 -5 subassembly, which will operate at a peak power rating of 
16 kW/ft. 

(2) High-burnup NUMEC Elements. J. D. B. Lambert and 
W. F. Murphy (Last reported: ANL-7833, p. 5.15). Twelve mixed-oxide 
fuel elements of the NUMEC Group C have been removed from EBR-II 
(Subassembly X080) for interim examination at a peak burnup of 1 3 at. % 
(9.8 X 10 nvt, total). Neutron radiography of the encapsulated elements 
has revealed no obvious indications of element failures. Elements C-10 
and C-13 will be destructively examined at ANL-Illinois. The remaining 
ten elements, plus four other previously irradiated NUMEC elements 
(C-7, C-8, B-6, and B-7), will be assembled into a reconstituted Sub
assembly X080A for continued irradiation to a peak burnup of 16 at. %. 

PUBLICATIONS 

Neutron Radiography for Nondestructive Testing 
Harold Berger 

Electronics World 86^(2), 40-44 (Aug 197 1) 

Surface Diffusion, Surface Free Energy, and Grain-Boundary Free Energy 
of Uranium Dioxide 

P. S. Maiya 
J. Nucl. Mater. 40(1), 57-65 (July 1971) 

Adiabatic Elastic Constants of Uranium Monocarbide 
J. L. Routbort 

J. Nucl. Mater. 40(1), 17-26 (July 1971) 

High-Temperature Thermodynamic Proper t ies of Hypo- and Hyper
stoichiometric Uraniuim Carbides 

M. Tetenbaum and P . D. Hunt 
J. Nucl. Mater. 40(1), 104-112 (July 1971) 
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VI. F U E L C Y C L E 

A. M o l t e n - m e t a l Dec ladding of L M F B R F u e l s . 
R. D. P i e r c e (02-173) 

A l i q u i d - m e t a l dec ladd ing p r o c e d u r e is be ing deve loped a s the h e a d 
end s t e p for the aqueous p r o c e s s i n g of f a s t - b r e e d e r - r e a c t o r fue l s . In this 
p r o c e s s , s t a i n l e s s s t e e l c ladding is d i s s o l v e d in l iquid z inc (at 800°C), the 
z i n c - s t e e l so lu t ion is p r e s s u r e - t r a n s f e r r e d f rom the d i s s o l u t i o n v e s s e l to 
c y l i n d e r s w h e r e the e x c e s s z inc is e v a p o r a t e d for r e c y c l i n g , and the cy l 
i n d e r s con ta in ing the w a s t e s t e e l a r e s e a l e d for b u r i a l ; the fuel oxide r e 
m a i n s in the d i s s o l u t i o n v e s s e l and is r e d u c e d to m e t a l by hea t ing in a 
Z n - M g - C a r e d u c t i o n so lven t ; the m e t a l so lu t ion is t r a n s f e r r e d to an e v a p o 
r a t o r , w h e r e the so lven t m e t a l s a r e r e m o v e d , and the r e s i d u a l U - P u al loy 
is c a s t into i n g o t s , wh ich a r e fed to the n i t r i c ac id d i s s o l u t i o n s t e p . Th i s 
p r o c e s s i s a l s o a p p l i c a b l e to the r e m o v a l of Z i r c a l o y c ladd ing . 

If a h i g h - z i n c r e d u c t i o n a l loy is u s e d , both u r a n i u m and p lu ton ium 
a r e d i s s o l v e d in the a l loy upon r e d u c t i o n ; if a l o w - z i n c r e d u c t i o n al loy is 
u s e d , p lu ton ium but v e r y l i t t l e u r a n i u m is d i s s o l v e d . Succes s fu l r e d u c t i o n s 
of UO2 p e l l e t s [a s t a n d - i n for (U,Pu)02 p e l l e t s ] have been m a d e with each 
al loy in c o m b i n a t i o n with a CaCl2-CaF2 sa l t . 

1. E n g i n e e r i n g C o n c e p t s , A n a l y s i s , and Eva lua t ion ( L a s t r e p o r t e d : 
A N L - 7 7 5 3 , p . 135) 

The F u e l Cycle B r a n c h of RDT has a s k e d ANL to eva lua te m e l t i n g 
of the s t a i n l e s s s t e e l c o m p o n e n t s of a s u b a s s e m b l y (1500°C) as a dec ladding 
m e t h o d a l t e r n a t i v e to the z inc h e a d - e n d p r b c e s s d e s c r i b e d above . P r o c e 
d u r e s c o n s i d e r e d for s e p a r a t i n g the s t a i n l e s s s t e e l f r o m the pe l l e t s a r e as 
fol lows : 

1. Mel t ing the s t e e l and a l lowing it to sol idify a r o u n d the ox ide , 
then s e p a r a t i n g the c o m p o n e n t s by ac id d i s so lu t i on of the oxide only. 

2. Hea t ing the fuel s u b a s s e m b l y in a v e r t i c a l c r u c i b l e that has 
ho l e s in i t s b a s e to a l low d r a i n a g e of the l iquid s t a i n l e s s s t e e l f rom UO^ 
p e l l e t s and f ines ( A N L - 7 7 6 5 , p . 79). 

3 . Mel t ing the c ladd ing whi l e the fuel s u b a s s e m b l y r e s t s on a 
c r u c i b l e wa l l s l oped downward a t a s m a l l ang le to p r o m o t e flow of m o l t e n 
m e t a l away f r o m the p e l l e t s ( A N L - 7 7 7 6 , p . 91). 

4. Mel t ing the s t a i n l e s s s t e e l in an u p r i g h t c r u c i b l e , then t ipping 
the c r u c i b l e to pour off the s t e e l , l eav ing the oxide in the c r u c i b l e ( c u r r e n t l y 
be ing i n v e s t i g a t e d ; s ee be low) . 
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5 Lowering the fuel assembly slowly into a furnace so that as the 
steel mel ts , the mixture of steel and fuel falls onto a cooled surface (ANL-
7783, p. 83). The steel forms platelets that may be separable from the 
fuel. 

Investigation of these procedures on a small scale led to a concep
tual design based on alternative 4 above. A tilt-pour melt-decladding 
furnace (see Fig. VI. 1), installed in a process cell, would be capable of 
handling 1 metric ton of spent nuclear fuel per 8-hr day. In this concept, 
two vertically suspended fuel subassemblies in a cooled t ransport chamber 
are brought to the top of the furnace. The transport chamber is fastened 
into position and the lock is opened to allow the subassemblies to be 
lowered into the magnesia-lined graphite susceptor, which is inductively 
heated. The rate of lowering is controlled to correspond to the rate at 
which the stainless steel melts . The furnace temperature is between 1550 
and 1600°C. After the meltdown period (about 1 hr) , the crucible is tilted 
to about 10° below horizontal and the molten steel is poured into a was te-
steel transport mold that has the capacity to contain the steel from eight 
subassemblies (~1.5 metric tons). At the end of the day, the t ransport 
mold is removed from the furnace through a lock. After the steel is 
poured, the crucible assembly is tilted in the opposite direction 45° past 
horizontal to dump the UO2-PUO2 pellets into a chute leading to a lock. The 
pellets are then dumped into a transport vessel , moved to a cooled storage 
area, and subsequently fed to the dissolver (i.e., to the nitric acid dissolu
tion step). 

An argon closed-cycle atmosphere is maintained in the furnace at 
slightly below process cell pressure during the melt-decladding operation. 
Because fission-product gases are released during the operation, the 
furnace pressure tends to increase. The increase is limited by withdrawing 
some of the gas through a reactive bed to remove iodides and iodine and 
then compressing it into intermediate storage tanks. The waste gas is 
eventually compressed into cylinders for permanent s torage. 

An advantage of melt decladding as a potential head-end step is its 
basic simplicity; however, some development work would have to be done 
on the control of both volatile and nonvolatile wastes to make the technique 
feasible. 

2. Engineering Development (Last reported: ANL-7833, p. 6.1) 

a. Melt Decladding 

One concept for melt decladding of LMFBR fuel (alternative 5 
in Sect. 1 above) involves lowering a vertically suspended subassembly into 
a heated zone, permitting the shroud and cladding metal to melt and drip 
off and the oxide fuel to fall (ANL-7783, p. 83). The fuel and steel would 
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Fig. VI.1. Tilt-Pour Melt-decladding Fumance, 1. MgO Liner of Crucible. 2. Graphite Susceptor. 3. SiC 
Insulation. 4. Zirconia Insulation. 5. Induction Coils. 6. Coil Support. 7. Argon Supply. 
8. UO2-PUO2 Fuel Chute. 9. Waste Steel Mold. 10. Locks. 11. Lock Gates, 12. Transfer 
Chamber. 13. Elevating Mechanism for Fuel Subassemblies. 14. Transfer-chamber Cooling-
gas Inlet. 15. Fuel Subassemblies. 16. Argon + Fission-product Gas to Recycle and Storage, 
n POUPT TraTTsnort Vessel. 18. Tilt-Pout Mcchauism fot Cruciblc. 
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be collected on cooled surfaces below. Some physical separation of fuel 
from steel might be possible before charging the fuel and the steel heel to 
a nitric acid dissolver. 

In one experiment, a small mock fuel assembly was lowered 
into a heated furnace. The cladding melted and fell on a cool steel surface 
inclined at 45°. Most of the fuel (UOj pellets) fell when the steel began to 
melt. The steel melted in the form of drops, which, on impact, formed 
thin plates on the cool surface. Eventually, the plates began to weld to
gether in a mound. The steel did not wet the UO2 pellets , all of which were 
loose or exposed. 

No additional melt-decladding experiments a re planned until a 
conceptual design report has been completed. 

b. Vacuum Evaporation of Zinc 

A vacuum retort that was used in the development of the Skull 
Reclamation Process is being reassembled for use for the vacuum evapora
tion of zinc in the zinc head-end process . The waste solutions from which 
zinc will be evaporated will be saturated with iron from the stainless steel . 
The use of mild steel waste containers for the zinc evaporation step is 
being considered, since mild steel is not subject to corrosion by nickel 
leaching (the mechanism responsible for the rapid corrosion of stainless 
steel by zinc). 

To evaluate the corrosion of steels by zinc-s tainless steel 
solutions, 4-in. lengths of 3/8-in. iron pipe were exposed for up to 1 hr to 
a gently agitated zinc-steel slurry containing 20 wt % stainless steel . 
Samples were exposed at 750, 800, and 850°C. After exposure, the pipe 
was sectioned and examined metallographically; there was no detectable 
attack on any sample. This indicates that a still pot of mild steel may be 
suitable for evaporating zinc from waste decladding solutions if the zinc is 
saturated with iron. The effects of thermal gradients inherent in distil la
tion will be evaluated. 

Experiments are planned in which a crucible fabricated from 
mild steel will be used as (l) a receiver for the decladding solution, 
(2) a still pot during zinc evaporation, and (3) a waste container for the 
steel. Before a container is sealed for disposal, it will be used several 
times as a receiver and still pot to accumulate waste steel. 

^- Process Demonstration Experiments (Last reported: ANL-7798, p. 80) 

^- Irradiated-fuel Experiments 

Experimental apparatus has been installed in the Chemical 
Engineering Division's Senior Cave to investigate the liquid-zinc head-end 
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p r o c e s s ( see A N L - 7 7 9 8 ) wi th "100-g quan t i t i e s of highly i r r a d i a t e d fuel. An 
e x p e r i n a e n t a l run wi th u n i r r a d i a t e d UO2 fuel was m a d e us ing th i s a p p a r a t u s . 
Al l o p e r a t i o n s w e r e c o m p l e t e d s u c c e s s f u l l y . C h e m i c a l a n a l y s e s of s a m p l e s 
t a k e n dur ing the r u n a r e i n c o m p l e t e . 

The nex t run wi l l involve the d i s so lu t i o n of h ighly i r r a d i a t e d 
s t e e l , and the fol lowing run wi l l u s e u n i r r a d i a t e d P u 0 2 - b e a r i n g fuel . If no 
s p e c i a l d i f f icu l t ies a r e e n c o u n t e r e d in t h e s e r u n s , i r r a d i a t e d UO2-PUO2 fuel 
wi l l then be p r o c e s s e d . 

B. L M F B R F u e l M a t e r i a l s P r e p a r a t i o n - - u / P u N i t r a t e s to O x i d e s . 
A. A. Jonke and N. M. Levi tz (02 -157 ; 

l a s t r e p o r t e d : A N L - 7 7 9 8 , p . 81) 

C o n v e r s i o n of u r a n y l n i t r a t e and p lu ton ium n i t r a t e so lu t ions to 
p o w d e r e d ox ides su i t ab l e for the f a b r i c a t i o n of fuel s h a p e s (pe l l e t s ) i s a 
n e c e s s a r y and i m p o r t a n t s t e p in the n u c l e a r - f u e l c y c l e . I ncen t ive s for d e 
ve lop ing a new h i g h - c a p a c i t y , con t inuous p r o c e s s a r e ( l ) the i n c r e a s e d 
q u a n t i t i e s of p lu ton ium n e e d e d for L M F B R and p l u t o n i u m - r e c y c l e fuel 
s y s t e m s and (2) the g rowing c o n c e r n ove r sh ipping p lu ton ium a s n i t r a t e 
so lu t ion . A c o n v e r s i o n p r o c e s s u n d e r i nves t i ga t i on b a s e d on f l u i d i z e d - b e d 
t echno logy shows a high po ten t i a l for m e e t i n g p r o c e s s r e q u i r e m e n t s . B a s i c 
p r o c e s s s t e p s inc lude f l u i d i z e d - b e d d e n i t r a t i o n of u r a n y l n i t r a t e - p l u t o n i u m 
n i t r a t e so lu t i ons to UO3-PUO2 powde r , fol lowed by f l u i d i z e d - b e d r e d u c t i o n 
of the UO3-PUO2 wi th hyd rogen to UO2-PUO2 p o w d e r . The p r o c e s s a p p e a r s 
to be a p p l i c a b l e o v e r the e n t i r e c o n c e n t r a t i o n r a n g e of u r a n i u m - p l u t o n i u m 
n i t r a t e so lu t i ons and to p lu ton ium n i t r a t e a l o n e . An i n t e g r a t e d l a b o r a t o r y 
and pi lot e n g i n e e r i n g p r o g r a m is in p r o g r e s s . 

1. P i l o t - p l a n t P r o g r a m 

As p r e v i o u s l y r e p o r t e d , a p i l o t - s c a l e fac i l i ty conta in ing a 4 - i n . - d i a 
f l u i d i z e d - b e d d e n i t r a t i o n r e a c t o r was c o n s t r u c t e d and t e s t e d for o p e r a b i l i t y 
wi th u r a n y l n i t r a t e feed so lu t ion ( A N L - 7 7 4 2 , pp . 120-121) , Af te r s u c c e s s 
ful c o m p l e t i o n of th is p h a s e of the p r o g r a m , mod i f i ca t i ons w e r e m a d e to 
the s y s t e m to p e r m i t safe o p e r a t i o n s wi th p l u t o n i u m - b e a r i n g feed s o l u t i o n s . 
B e c a u s e s e v e r a l k i l o g r a m s of p lu ton ium wi l l be hand led in t h e s e o p e r a t i o n s , 
a c a r e f u l a n a l y s i s of n u c l e a r c r i t i c a l i t y a s p e c t s is r e q u i r e d . C r i t i c a l i t y 
r e v i e w by the a p p r o p r i a t e A N L a u t h o r i t i e s has been c o m p l e t e d , and A E C 
r e v i e w is now u n d e r w a y . 

Mod i f i ca t ions of the feed m a k e u p s y s t e m to a des ign su i t ab l e for 
p r e p a r a t i o n of p l u t o n i u m - b e a r i n g so lu t i ons h a s been c o m p l e t e d . The feed 
m a k e u p s y s t e m c o m p r i s e s a 4 - i n . - d i a by 3 6 - i n . - t a l l d i s s o l v e r , a 1 6 - i n . - d i a 
by 2 5 - i n . - t a l l feed s t o r a g e v e s s e l , * and a 3 - i n . - d i a by 4 0 - i n . - t a l l feed tank . 

*Vessels in the glovebox with diameters greater than 4 in. are filled with boron-glass Raschig rings as a fixed 
nuclear poison. 
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The total quantity of plutonium is minimized by recycling product back to 
the feed system. Small batches of oxide product from the demtrator a re 
redissolved in nitric acid, and the solutions from several batches a re 
blended in the large feed-storage vessel , where the composition (e.g., acid
ity and actinide concentration) is adjusted. Quantities of the feed solution 
are transferred to the feed tank as needed during a run for rrieterirg into 
the 4-in.-dia fluidized-bed denitrator (see ANL-7726, p. 139). 

In the current period, a shakedown run of the system was made to 
test the procedures that will be used in handling (U,Pu) ni trates and oxides. 
Eights.2-kg batchesof UO3 were dissolved inn i t r icac id to prepare ~501iters 
of 1.9M uranyl nitrate feed solution containing 1.4M excess acid. Dis
solution of each batch of UO3 in 5 li ters of 6.0M HNO3 required 1-2 hr . 
The feed-makeup system functioned satisfactorily. 

A 10.5-hr denitration run, U-7, was successfully car r ied out using 
glovebox techniques to simulate plutonium handling. The starting oed was 
10 kg of UO3 powder, and the bed temperature was 300°C. Uranyl ni trate 
solution was initially fed at 65 ml/min, then for "1 hr at 95 ml /min . The 
latter is equivalent to a UO3 production rate of 80 lb/(hr)(sq ft). The inlet 
fluidizing-gas rate corresponded to a superficial linear gas velocity of 
~0.9 ft/sec at column conditions (300°C, "5 psig). The product was collected 
continuously as it overflowed from the bed through a nominally l /4 - in . pipe 
sidearm rrounted at the 12-in. level; the bed level thus remained fairly 
uniform. 

The run was evaluated largely on the operability of the unit, which 
was good. Sieve analyses of hourly samples of UO3 product showed no gross 
trends in particle-size distribution. About 7% of the 10-kg final bed con
sisted of coarse material (+10 mesh) formed during the run. 

A duplicate run with uranyl nitrate feed is planned, to gain additional 
operating experience. Final mechanical work on the glovebox proper (e.g., 
sealing of glovebox windows and a glovebox leak-check) is in p rogress . 

C. LMFBR Fuel Fabrication--Analyses and Continuous Process ing. 
A. A. Jonke and M. J. Steindler (02-158) 

A program is under way to develop rapid, prec ise , and accurate in
line analytical methods applicable to the fabrication of LMFBR oxide fuels. 
Such methods are expected to lead to decreased costs and automated pro
cedures. The starting cri teria selected for evaluation of analytical requi re 
ments are the specifications of preirradiat ion fuel propert ies (and the 
associated precisions) for the Fast Flux Test Facility (FFTF) project. The 
fuel properties, specifications, precis ions, and acceptable methods of 
measurement for FFTF were discussed in ANL-7735, p. 59. 
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T h e fuel for the f i r s t c o m m e r c i a l L M F B R is e x p e c t e d to be 
u r a n i u m - p l u t o n i u m o x i d e . Since the p l u t o n i u m / u r a n i u m ( P u / u ) r a t i o and 
the o x y g e n / m e t a l ( O / M ) r a t i o wi l l have to be e v a l u a t e d in e v e r y c o n c e i v a 
ble f a b r i c a t i o n p r o c e d u r e , t h e s e have been s e l e c t e d for i n i t i a l s tudy . 

1- P l u t o n i u m / U r a n i u m R a t i o in F u e l ( L a s t r e p o r t e d : A N L - 7 8 3 3 , p . 6.4) 

The o r i g i n a l l y defined spec i f i ca t ion* for fuel in the c o r e zone is t ha t 
the p l u t o n i u m c o n s t i t u t e s 20.0 ± 0 .1% of the ac t in ide con t en t , wh ich c o r r e 
sponds to a r e l a t i v e s t a n d a r d dev ia t ion of 0.5% 

X - r a y f l u o r e s c e n c e (XRF) a n a l y s i s is be ing e v a l u a t e d a s a n o n d e 
s t r u c t i v e , i n - l i n e a n a l y t i c a l m e t h o d for d e t e r m i n i n g P u / u in fuel m a t e r i a l s 
a t h igh a n a l y s i s r a t e s . In X R F , the c h a r a c t e r i s t i c r a d i a t i o n of the e l e m e n t 
is e x c i t e d by inc iden t X r a y s of e n e r g y h ighe r than the a b s o r p t i o n e d g e . 
I n s t r u m e n t a l c h o i c e s , s a m p l e p r e s e n t a t i o n p r o c e d u r e s , and m a t e r i a l effects 
a r e being e v a l u a t e d . To a t t a in the d e s i r e d r e l a t i v e p r e c i s i o n in the a n a l y s i s 
of so l id oxide in the f o r m of powder or p e l l e t s , ef fects on the f l u o r e s c e n c e 
s i g n a l of p r o p e r t i e s of the so l id , i . e . , high a b s o r p t i o n coe f f i c i en t s , e n h a n c e 
m e n t ( s e c o n d a r y f l u o r e s c e n c e ) , c r y s t a l l i t e s i z e , bulk d e n s i t y , e t c . , m u s t be 
p r o v e n i n s i g n i f i c a n t o r p r e d i c t a b l y m e a s u r a b l e . 

T h 0 2 - U 0 2 is be ing u s e d as a s t a n d - i n for UO2-PUO2 for in i t i a l i n 
v e s t i g a t i o n s , s i n c e e x p e r i m e n t s wi th p lu ton ium would have to be done in a 
g lovebox , en ta i l ing c o m p l i c a t i o n s and d e l a y s . Th i s s u b s t i t u t i o n is p r a c t i c a l 
b e c a u s e of the i d e n t i c a l r e l a t i o n s h i p of the a t o m i c n u m b e r s and thus of the 
r e l e v a n t p r o p e r t i e s * * for each p a i r of e l e m e n t s . 

The X R F m e t h o d , us ing the L a s p e c t r a , has been shown to be f ree 
of i n t e r f e r e n c e s by any o t h e r e l e m e n t s tha t can r e a s o n a b l y be e x p e c t e d to 
be p r e s e n t in a fuel s a m p l e . C o n s i d e r a t i o n of a d e s i r a b l e s a m p l i n g p r o 
c e d u r e to a c c o m m o d a t e a high p r o d u c t i o n r a t e and e x t e n s i o n of the l i m i t a 
t ions i m p o s e d by count ing s t a t i s t i c s led to the use of w i d e r c o l l i m a t i n g 
s l i t s to d e c r e a s e the a n a l y s i s t i m e p e r s a m p l e to l e s s than 1 m i n . * * With 
a s l i t wid th of 20 m i l s , a d e q u a t e r e s o l u t i o n of the p a i r s of peaks to be 
coun ted h a s been d e m o n s t r a t e d . I m p r o v e m e n t s in the s a m p l e p r e s e n t a t i o n 
p r o c e d u r e i n c r e a s e d the count ing r a t e and d e c r e a s e d the b a c k g r o u n d r a t e . 
The count ing e q u i p m e n t has been c a l i b r a t e d for high count r a t e s to accoun t 
for dead t i m e . 

*D. S. Webster^ al.. Chemical Engineering Division Fuel Cycle Technology Quarterly Report, April, May, 
June 1970, pp. 60, 63-64, ANL-7735 (July 1970). 

**D. S. Webster^ ^ . , Chemical Engineering Division Fuel Cycle Technology Quarterly Report, July, 
August, September 1970, pp. 45-50, ANL-7755 (Oct 1970). 

"f̂D. S. Webster £ t ^ . . Chemical Engineering Division Fuel Cycle Technology Quarterly Report, January, 
February, March 1971, pp. 36-41, ANL-7799 (in press), 

tto. S. Webster eta^., Chemical Engineering Division Fuel Cycle Technology Quarterly Report, October, 
November, December 1970, pp. 30-31, ANL-7767 (Jan 1971). 
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a . A n a l y s i s of T h 0 2 - U 0 2 P e l l e t s 

A d d i t i o n a l w o r k h a s b e e n d o n e to d e t e r m i n e w h e t h e r t h e r e l a 

t i v e s t a n d a r d d e v i a t i o n of ± 0 . 5 % d e s i r e d f o r p l u t o n i u m a n a l y s i s c a n b e 

a c h i e v e d in t h e a n a l y s i s of m i x e d - o x i d e f u e l m a t e r i a l s . In A N L - 7 8 3 3 , 

r e l a t i v e s t a n d a r d d e v i a t i o n s of 0 . 2 - 0 . 6 % h a d b e e n m e a s u r e d f o r m i x e d 

o x i d e p e l l e t s . C u r r e n t w o r k w a s p e r f o r m e d t o d e t e r m i n e w h e t h e r , a t t h e 

9 5 % c o n f i d e n c e l e v e l , t h e v a r i a b i l i t y of m e a s u r e m e n t s of d i f f e r e n t p e l l e t s 

of t h e s a m e n o m i n a l c o m p o s i t i o n d i f f e r e d s i g n i f i c a n t l y f r o m t h e v a r i a b i l i t y 

of m e a s u r e m e n t s on t h e s a m e p e l l e t . 

F o u r p e l l e t s , e a c h of T h O 2 - 1 0 w t % U O 2 , T h O 2 - 2 0 w t % U 0 2 , a n d 

T h O j - S O w t % UO2, w e r e p r e p a r e d f r o m m i x e d p o w d e r s . F o u r UO2 p e l l e t s 

a l s o w e r e p r e p a r e d f r o m p u r e UO2 p o w d e r . T h e p e l l e t s w e r e s i n t e r e d i n a 

6% H 2 - H e a t m o s p h e r e a t 1750°C f o r 4 h r , a n d t h e f l a t s u r f a c e s w e r e p o l i s h e d 

w i t h 6 0 0 - g r i t p a p e r . 

T o d e t e r m i n e t h e f u n c t i o n a l r e p r o d u c i b i l i t y of t h e X R F t n e a s -

u r e m e n t s on p e l l e t s , f i ve m e a s u r e m e n t s w e r e p e r f o r m e d on e a c h of t h e 

f o u r p e l l e t s of e a c h c o m p o s i t i o n . E a c h m e a s u r e d c o u n t r a t e w a s a n a v e r a g e 

of t h r e e c o u n t s of ~ 2 0 0 , 0 0 0 e a c h . T h e r e l a t i v e s t a n d a r d d e v i a t i o n f o r t h e 

c o u n t i n g s t a t i s t i c s r a n g e d f r o m 0 . 0 9 t o 0 . 1 3 % . E a c h c o u n t r a t e w a s c o r 

r e c t e d f o r d e a d t i m e . 

A n a n a l y s i s of v a r i a n c e * w a s p e r f o r m e d in w h i c h i t w a s a s s u m e d 

t h a t t h e e r r o r s of t h e m e t h o d a n d c o u n t i n g s t a t i s t i c s a r e i n d e p e n d e n t a n d 

t h a t t h e v a r i a n c e s a r e a d d i t i v e ; t h i s a l l o w e d t h e r e l a t i v e s t a n d a r d d e v i a t i o n 

( R S D ) of t h e m e t h o d t o b e c a l c u l a t e d f r o m t h e v a r i a n c e of t h e m e a s u r e n n e n t s . 

T a b l e V I . 1 p r e s e n t s t h e R S D ' s f o r t h e m e a s u r e m e n t s , f o r t h e c o u n t i n g s t a 

t i s t i c s , f o r t h e v a r i a b i l i t y b e t w e e n p e l l e t s , a n d f o r t h e e r r o r s of t h e m e t h o d , 

d e r i v e d f r o m b o t h u r a n i u m a n d t h o r i u m c o u n t r a t e s . 

A s e x p e c t e d , f o r t h e p u r e u r a n i a p e l l e t s , t h e v a r i a b i l i t y b e t w e e n 
p e l l e t s IS n o t s t a t i s t i c a l l y d i f f e r e n t f r o m t h e v a r i a b i l i t y w i t h i n p e l l e t s . T h e 
R S D f o r t h e m e t h o d a p p l i e d t o p u r e UO2 p e l l e t s , c o n s i d e r i n g c o u n t i n g s t a 
t i s t i c s a n d m e a s u r e m e n t s , i s 0 . 1 1 % . F o r t h e 70% T h O 2 - 3 0 % UO2 p e l l e t s , 
t h e v a r i a b i l i t y i n t h o r i u m a n a l y s i s b e t w e e n p e l l e t s i s n o t s t a t i s t i c a l l y d i f 
f e r e n t f r o m t h a t w i t h i n p e l l e t s , b u t i n t h e u r a n i u m a n a l y s i s , t h e v a r i a b i l i t y 
b e t w e e n p e l l e t s i s s i g n i f i c a n t . 

F o r t h e 80% T h O 2 - 2 0 % UO2 a n d 9 0 % T h O 2 - 1 0 % UO2 p e l l e t s , t h e 

R S D f o r m e a s u r e m e n t s f o r b o t h UO2 a n d T h O z l e a d s t o a r a n g e of R S D of 

t h e m e t h o d of 0 . 2 4 - 0 . 3 1 % . T h e 9 5 % c o n f i d e n c e l i m i t s of t h e R S D c a n b e 

e s t i m a t e d by u s i n g t h e a p p r o p r i a t e d e g r e e s of f r e e d o m i n r e f e r e n c e t a b l e s . * * 

O. L. Davies (ed.). Statistical Methods in Research and Production, 3rd Ed. Hafner Publishing Co., 
New York (1961). 
O. L. Davies, op. cit., p. 107. 
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At the 95% confidence level, the upper limit of the RSD of measurements is 
0.48%. Thus, the XRF method has been demonstrated on pellets to achieve 
the goal of 0.5% RSD at the 95% confidence level. 

TABLE VI.1. Relative Standard Deviations for XRF Analysis 

Comp. 

The, 

0 
70 
80 
90 

70 
80 
90 

wt X 

UO, 

100 
30 
20 
10 

30 
20 
10 

Rela t ive 

Measurement 

O .U 
0.15 
0.34 
0.33 

0.27 
0.27 
0.26 

Standard Deviat ions (%) for 

Count 

tjranluffl 

0.086 
0.11 
0.13 
0.13 

Thorium 

0.11 
0.10 
0.099 

Method'^ 

0.11 
0.10 
0.31 
0.30 

0.2A 
0.24 
0.24 

P e l l e t ' ' 

e 
0.62 
1.84 
0.87 

e 
1.12 
0.60 

RSD derived from five measurements on same pellet. 

RSD derived from average of three counts corrected for dead time. 

RSD derived from square root of the difference of the squares of the 
RSD of the measurement and the RSD of the count. 

RSD for four different pellets of same nominal composition. 

Null hypothesis (F test) indicates that there was no significant 
difference between pellets. 

The range of RSD between pellets is 0.60-1.84%, indicating 
variation in excess of that attributable to the method. The excess variabil
ity may be due to mixing, sampling, or mater ia l properties of mixtures . 

b. Analysis of Th02-U02 Mixed Powder 

Five measurements of three samples of 70% ThO2-30% UO2 
powder were subjected to an analysis of variance s imilar to that for pellets. 
The powder mixtures were prepared from pure Th02 and from UO2 that had 
been reduced from NBS U3O8. Three sample cups were loaded with each 
powder and were counted sequentially. 

The RSD's for the measurements were 0.29% for thorium and 
0.21% for uranium, which lead to RSD's for the method of 0.27 and 0.17%, 
respectively. The RSD's at the 95% confidence level a re again shown to be 
below 0.5%. 

The thorium analysis showed no significant variability between 
samples; the uranium analysis showed an RSD of 3.1%. This greater varia
bility between samples of powder (3.1%) than between pellets (0.62%) of the 
same nominal composition suggests there is a mater ia l effect in powder 
that is greater than in pellets . Studies of the effects of particle size and 
bulk density on the XRF signal a re expected to identify the limiting p re 
cision of the method applied to powder samples . 
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c . C o n c l u s i o n s 

T h e a d e q u a t e l y l o w v a r i a b i l i t y of t h e m e t h o d i n d i c a t e s t h a t X R F 

h a s t h e p o t e n t i a l t o a c h i e v e b e t t e r t h a n 0 . 5 % R S D a t t h e 9 5 % c o n f i d e n c e 

l e v e l . T h e l a r g e r v a r i a b i l i t y b e t w e e n s a m p l e s of p o w d e r a n d p e l l e t s c o m 

p a r e d w i t h t h e l o w v a r i a b i l i t y of t h e m e t h o d i n d i c a t e s t h a t a p r o b l e m e x i s t s 

d u e to m i x i n g , s a m p l i n g , o r m a t e r i a l p r o p e r t i e s . B y s t u d y of p a r t i c l e - s i z e 

a n d b u l k - d e n s i t y e f f e c t s on t h e X R F s i g n a l u s i n g p u r e m a t e r i a l s a n d m i x 

t u r e s , e v a l u a t i o n of t h e p r e c i s i o n o b t a i n a b l e f o r p e l l e t a n d p o w d e r s h o u l d b e 

p o s s i b l e . 

2 . O x y g e n C o n t e n t of F u e l ( L a s t r e p o r t e d : A N L - 7 6 8 8 , p . 2 1 4 ) 

T h e i n i t i a l r a t i o of o x y g e n t o m e t a l ( O / M ) i n t h e c h a r g e d f u e l a f f e c t s 
c o m p a t i b i l i t y of fue l w i t h c l a d d i n g d u r i n g i r r a d i a t i o n , a s w e l l a s t h e r m a l 
c o n d u c t i v i t y . T h e p r o b a b l e d e s i r e d r a n g e of v a l u e s f o r t h e O / M r a t i o i s 
1 . 9 5 - 1 . 9 9 . E a r l i e r , d a t a f r o m A N L - 7 7 3 5 ( s e e f o o t n o t e on p . 6 . 7 ) , p . 7 1 , 
w e r e u s e d in c a l c u l a t i n g t h e f o l l o w i n g c o r r e l a t i o n b e t w e e n t h e l a t t i c e p a 
r a m e t e r a n d O / M r a t i o fo r ( U , P u ) 0 2 of k n o w n P u / ( P u + U ) r a t i o ( A N L - 7 6 8 8 , 
p . 2 1 4 ) : 

ao = 6 . 1 1 2 7 - 0 . 5 3 4 ( P u ) - 0 . 3 2 1 ( O / M ) + 0 . 2 2 9 ( P U ) ( O / M ) , ( l ) 

w h e r e ao i s t h e l a t t i c e p a r a m e t e r , ( P u ) i s t h e p l u t o n i u m a t o m f r a c t i o n , a n d 
( O / M ) i s t h e o x y g e n - t o - m e t a l r a t i o . W i t h t h i s e q u a t i o n , t h e O / M r a t i o of 
s t o i c h i o m e t r i c o x i d e c a n b e d e t e r m i n e d f r o m i t s l a t t i c e p a r a m e t e r w h e n 
t h e P U / ( P U + U ) r a t i o i s k n o w n . 

R e c e n t l y , d a t a w e r e c o l l e c t e d by M a r t i n * on t h e r e l a t i o n s h i p b e t w e e n 
l a t t i c e p a r a m e t e r a n d O / M r a t i o f o r U0.8PU0.2O2+X. M a r t i n ' s d a t a w e r e 
p l o t t e d , a n d t h e s l o p e of t h e c u r v e w a s o b s e r v e d t o b e c l o s e r to t h e s l o p e 
f o r G i b b y ' s d a t a * * t h a n to t h a t f o r M a r k i n a n d S t r e e t . + T h e i n t e r c e p t 
5 . 4 5 3 0 A f o r s t o i c h i o m e t r i c o x i d e ( O / M = 2 . 0 ) i s l o w e r t h a n t h e 5 . 4 5 5 5 A 
v a l u e p r e d i c t e d by t h e V e g a r d r e l a t i o n s h i p ( A N L - 7 6 8 8 , p 2 1 4 ) f o r p u r e 
U O 2 - 2 0 % PUO2. 

T o c o m p a r e M a r t i n ' s d a t a w i t h t h e c o r r e l a t i o n ( E q . 1 ) , O / M r a t i o s 
w e r e c a l c u l a t e d f r o m M a r t i n ' s l a t t i c e p a r a m e t e r s , a n d l a t t i c e p a r a m e t e r s 
w e r e c a l c u l a t e d f r o m h i s m e a s u r e d O / M r a t i o s ( s e e T a b l e V I 2) T h e d e -
r ^ ' ' ° r n n n f ' "^^ '^^^^ '^ '^ ° / ^ ^ ^ t i o s f r o m t h e m e a s u r e d r a t i o s r a n g e d 
f r o m 0 . 0 0 0 6 to 0 . 0 1 6 u n i t , w i t h a n R S D of 0 . 4 9 % . T h e d e v i a t i o n s of The 

Tr.ZTi ^° " ^ ^ " ^ ^ ^ ' " " ^ ""^ m e a s u r e d v a l u e s r a n g e d f r o m 0 . 0 0 0 2 t o 
0 . 0 0 4 4 A , w i t h a n R S D of 0 . 0 4 9 % . 

' A . E 
••R , ^ K K ' " ' "^'^"""^ ^ ^ " ° " ^ ' Laboratory, private communication (May 1971). 

„ S'faby. The Effect of Oxygen Stoichiometry on the Thermal Diffusivity and Conductivity of 
j"0.75Pu0.25O-i-v. BNWL-927 n9fiq^ i 

T. L. Markin and R. S. Street, J. Inorg. Nucl. Chem. 29, 2265-2280 (1967). 
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TABLE VI .2 . Comparisons of Recent 0/M Data^ for 
U02-20% Pu02 to L a t t i c e Parameter Co r r e l a t i on^ 

Calc. a 
0 

5.4808 

5.4761 

5.4715 

5.4594 

5.4572 

5.4572 

a = 
a 
o 

Meas. a 
0 

5.4819 

5.479 

5.4713 

5.4749 

5.4551 

5.454 

0.049% 

Meas. 0/M 

1.908 

1.925 

1.942 

1.986 

1.994 

1.994 

°0/M = 

Calc. 0/M 

1.9041 

1.9146 

1.9426 

2.0022 

2.0015 

2.0055 

0.49% 

A. E. Martin, Argonne National Laboratory, private 
communication (May 1971). 

D. S. Webster e_t̂  ^ . , Chemical Engineering Divis ion 
Fuel Cycle Technology Quar ter ly Report , A p r i l , May, 
June 1970. pp. 71-80, ANL-7735 (July 1970). 

M a r t i n ' s da ta c o n f o r m r e a s o n a b l y we l l to the e a r l i e r c o r r e l a t i o n , 
s u p p o r t i n g the concep t that n o n d e s t r u c t i v e X - r a y d i f f rac t ion m a y be an 
a d e q u a t e m e a s u r e of O / M r a t i o . 
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VII. REACTOR PHYSICS 

A. ZPR Fast Critical Experiments 

1- Fas t Critical Faci l i t ies ; Experiments and Evaluation--Illinois (02-179) 

a. Clean Critical Experiments. R. A. Lewis (Last reported: 
ANL-7833, p. 7.1) 

(l) Small Sample Reactivity Worths and ""U Doppler Effect 
Measurements at the Center of the Voided High-240 Plutonium Core 
(E. M. Bohn, J. E. Marshall , and J. F . Meyer). The High-240 Plutonium 
(H-240) zone (see ANL-7833) was constructed in ZPR-6 Assembly 7 by replac
ing regular plutonium fuel containing 12 wt % ^'"'Puwith plutonium fuel contain
ing 27 wt % ^"""Pu. Regular fuel was replaced with H-240 fuel along the en
t i re height of the core in a central region out to a radius of 24.3 cm. The 
sodium-voided High-240 Plutonium (VH-240) zone was constructed by r e 
moving sodium from the H-240 zone along the entire height of the core in 
a central region out to a radius of 19 cm. Radial and axial cross sections 
of Assembly 7 with the VH-240 zone are shown in Figs. VII.l and VII.2. 

EDGE DRAWERS 

120 — 

107 5 3 

24 3 4 

2 0 , = -

RADIAL DEPLETED-URANIUM REFLECTOR 

Pu/AL CORE 

P u / U / M o CORE 

H-240 ZONE 

VH-240 ZONE 

J \ 

AXIAL 
DEPLETED-
URANIUM 
REFLECTOR 

I D P CONTROL ROD NSERTION SAFETY ROD 

Fig. VII.l. Radial Cross Section of Assembly 7, 
Showing the High-240 Plutonium 
(H-240) and Sodium-voided High-
240 Plutonium (VH-240) Zones. 

Fig. Vn.2. Axial Cross Section of ZPR-6 Assembly 7, 
Showing the High-240 (H-240) Plutonium 
and Sodium-voided High-240 Plutonium 
(VH-240) Zones. 

The r e m o v a l of s o d i u m f r o m the c e n t r a l r e g i o n was a c c o m 
p l i s h e d by r e p l a c i n g two c o l u m n s of l / 2 - i n . - t h i c k s o d i u m - f i l l e d s t a i n l e s s 
s t e e l cans wi th e m p t y s t a i n l e s s s t e e l c a n s . The u n i t - c e l l d r a w e r load ings 
for A s s e m b l y 7, inc luding the VH-240 r e g i o n , a r e shown in F i g . VII .3 . The 
a t o m c o n c e n t r a t i o n s in e a c h r e g i o n of the a s s e m b l y a r e g iven in T a b l e V I I . l . 
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1/8 FajOj 

/4 Pu-U- Mo* 

/e F^zOj SECTION OF 
SS MATRIX 

ALL DIMENSIONS 
*ZPPR METAL FUEL IN INCHES 

I I - 1 / 2 w/O^^^Pu-NORMAL CORE 
27 •/0^*°Pu-HIGH 240 ZONE (H-240 ZONE ) 

•*SS CANS FILLED WITH SODIUM IN NORMAL CORE AMD 
H-240 ZONE. EMPTY SS CANS IN VH-a40 ZONE. 

Fig. VII.3 

The Unit-cell Drawer Loadings 
for ZPR-6 Assembly 7 

TABLE V I I . l . Homogeneous Compositions of Assembly 7 Regions 

Isotope 

235u 

238„ (+234 
+236) 

2 38pu 
2 39pu 
2 40pu 
2'.lpua 
2M2pu 

Ho 

:«a 

0 

Ni 
Cr 
Hn 

Al 

H-240 

1.25 

5.592 

1.14 
8.378 
3.217 
6.01 
1.74 

2.196 

9.294 

1.398 

1.278 
1.357 
2.710 
2.31 

0.0 

-5 

-3 

-6 
-4 
-4 
-5 
-5 

-4 

-3 

-2 

-2 
-3 
-3 
-4 

Atoms/ cc X 

VTi-240 

1.25 

5.592 

1.14 
8.378 
3.217 
6.01 
1.74 

2.196 

0.0 

1.398 

1.279 
1.357 
2.711 
2.30 

O.n 

-5 

-3 

-6 
-4 
-4 
-5 
-5 

-4 

-2 

-2 
-3 
-3 
-4 

10-2" f or each ReRi 

Pu/U/Mo 
Core 

1.251 

5.805 

4.18 
8.889 
1.180 
1.49 2 
1.7 

2.270 

9.142 

1.486 

1.358 
1.345 
2.705 
1.97 

0.0 

-5 

-3 

-7 
-4 
-4 
-5 
-6 

-4 

-3 

-2 

-2 
-3 
-3 
-4 

3n 

Pu/Al 
Core 

1.260 

5.723 

0.0 
1.064 
5.00 
5.0 
5.0 

2.427 

9.142 

1.486 

1.343 
1.483 
2.678 

1.01 

-5 

-3 

-3 
-5 
-6 
-7 

-4 

-3 

-2 

-2 
-3 
-3 

-4 

DU Refl. 

8.60 -5 

4.006 -2 

0.0 

4.221 -3 
5.093 -4 
1.175 -3 
8.57 -5 

0.0 

Pu -• Am decay corrected Co January 1, 19 71 

Fe+ is Fe plus a l l 304 SS constituents other than Ml, Cr , or Mn. 

The r eac t i v i t y w o r t h s of s e v e r a l s m a l l s a m p l e s w e r e 
m e a s u r e d at the c e n t e r of the VH-240 zone . (The e x p e r i m e n t a l t e c h n i q u e 
has been d e s c r i b e d in ANL-7798 . ) The r e s u l t s a r e given in T a b l e VII .2 . 
Compared to s i m i l a r m e a s u r e m e n t s in the H-240 zone ( s ee A N L - 7 8 3 3 ) , the 
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w o r t h s of a l l m a t e r i a l s e x c e p t t h e s c a t t e r i n g m a t e r i a l s ( s t a i n l e s s s t e e l a n d 

s o d i u m ) a r e l e s s i n t h e V H - 2 4 0 z o n e . 

TABLE V I I . 2 . Small-sample R e a c t i v i t y Worths Heasured a t Center of 
Voided High-240 Plutonium (VH-240) Zone in ZPR-6 Assembly 7 

Sample Composition by Weight Percent 
Weight, S p e c i f i c Worth, 

Ih /kg 

MB-10 

MB-11 

Pu-11 

Pu-23 

2 35„ 

2 38„ 

Na 

Ta 

SS 

97 .3 239pu, 1.0 240pu^ Y2 Al 

(same as MB-10) 

85.4 239pu_ i j ^ o 2'.0pu_ 2.6 ^^Ipu^ i , n i^i 15.123 

45 .3 239pu^ 41 2 ^''Opy^ ĵ ĵ _2 Z^lpu, 2 . 3 Al 13.923 

93.2 2 " u _ 6 .8 238,; 

99 .8 2 ' ' U , 0 .2 2 3 5u 

100 2 3Na 

E ( n a t . ) 19.9 ' " B , 30 .1 " B 

inn 

71.5 F e , 9 .5 Ni , 18.5 Cr, 1.5 Mn 

9.956 

21.409 

15.123 

13.923 

3.084 

25.988 

17.044 

0.555 

5.772 

43.818 

167.1 

168.4 

152.5 

i n 4 . 7 

119.8 

- 8 . 8 8 

- 7 . 5 8 

-530 

- 7 0 . 1 

- 5 . 6 0 

± 0 .8 

± 0 .4 

± 0.6 

± 0 .4 

± 2 . 1 

± 0.25 

± 0.37 

± 12 

± 1.2 

± 0 .11 

The u n c e r t a i n t y i n each measurement inc ludes only the u n c e r t a i n t y due t o 
count ing s t a t i s t i c s . Other sources a re s m a l l . 

T h e ^^'U D o p p l e r r e a c t i v i t y w o r t h w a s m e a s u r e d a t t h e 

c e n t e r of t h e V H - 2 4 0 z o n e u s i n g a n a t u r a l U O j , f r e e l y e x p a n d i n g D o p p l e r 

s a m p l e c o n t a i n i n g 1.1 k g of 
TABLE V I I . 3 . 2^'U Doppler Worth Measured a t 

Center of VH-240 and H-240 Zones 
in ZPR-6 Assembly 7 

H-240 Worth, I h /kg of ^ " u 

297°K 
508°K 
792°K 
1054''K 

0.0 
-0 .329 ± 0.007 
- 0 . 6 5 2 ± 0.008 
-0 .870 ± 0.005 

VH-240 

300*K 
505*K 
760*K 
1034°K 

0.0 
-0 .182 ± 0.004 
-0 .360 ± 0.009 
-0 .510 ± 0.010 

U . T h e e x p e r i m e n t a l e q u i p 

m e n t a n d t e c h n i q u e a r e d e 

s c r i b e d e l s e w h e r e . * T h e 

r e s u l t s of t h e m e a s u r e m e n t 

a r e g i v e n in T a b l e V I I . 3 , a l o n g 

w i t h t h e r e s u l t s of a s i m i l a r 

m e a s u r e m e n t in t h e H - 2 4 0 

z o n e . T h e w o r t h of t h e " ' u 

D o p p l e r s a m p l e i s a p p r o x i 

m a t e l y 4 0 % l e s s in t h e V H -

2 4 0 z o n e . T h e s e r e s u l t s i n d i 

c a t e t h e i m p o r t a n c e of t h e 

s t u d y of t h e i n t e r a c t i o n of t h e 

^'*U D o p p l e r c o e f f i c i e n t a n d t h e 

s o d i u m - v o i d i n g e f f e c t i n a n 

L M F B R c o r e . 

*C. E. Till, R. A. Lewis, and E. F. Groh, "Doppler-Effect Measurements on a Dilute Carbide Fast Assembly— 
ZPR-6 Assembly No. 4Z," Reactor Physics Division Annual Report: luly 1. 1965 to lune 30, 1966, ANL-7210, 
pp. 129-137 (Dec 1966). 
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M o c k u p C r i t i c a l E x p e r i m e n t s . J 

A N L - 7 8 3 3 , p . 7 .3) 

W. D a u g h t r y ( L a s t r e p o r t e d : 

(1) T h e F T R - E M C E n r i c h m e n t E x p e r i m e n t s ( R . B . P o n d , 

A . B . L o n g , a n d C. D . S w a n s o n ) . A N L - 7 8 3 3 c o v e r e d t h a t s e g m e n t of t h e 

fue l a n d b o r o n c o n t r o l - r o d e n r i c h m e n t e x p e r i m e n t s f r o m E O C - 3 t h r o u g h 

S U B - 7 . T h i s r e p o r t w i l l c o v e r t h e r e m a i n d e r of t h e f u e l e n r i c h m e n t e x 

p e r i m e n t s . T h e m e t h o d s a n d t e c h n i q u e s f o r m a k i n g t h e m e a s u r e m e n t s 

w e r e d e s c r i b e d in d e t a i l in A N L - 7 8 3 3 . 

(a) D e t a i l e d D e s c r i p t i o n of t h e F u e l - e n r i c h m e n t E x p e r i 

m e n t s f r o m S U B - 8 t o t h e F i n a l B O L C o n f i g u r a t i o n . T h e r e a c t i v i t y v a l u e s 

g i v e n h e r e a r e t h o s e o b t a i n e d b y 

i n v e r s e k i n e t i c s c o r r e c t e d t o 2 5 ° C 

a n d i n c l u d e a + 4 Ih u n c e r t a i n t y i n 

r e p r o d u c i n g t h e r e a c t i v i t y of a c o n 

f i g u r a t i o n a f t e r t h e h a l v e s h a v e b e e n 

s e p a r a t e d . S e e F i g . V I I . 4 in c o n n e c 

t i o n \ v i t h t h e c o n f i g u r a t i o n c h a n g e s 

d e s c r i b e d in t h e f o l l o w i n g s t e p s . 

I. S u b c r i t i c a l C o n f i g u r a t i o n 

N o . 8 ( S U B - 8 ) . T h e m a i n p u r p o s e of 

t h i s e x p e r i m e n t w a s t o a s s e s s t h e 

e f f e c t of t h e o n e m a t e r i a l - t e s t l o o p 

i n s e r t e d in S U B - 7 ( M T 4 0 7 ) on t h e 

w o r t h of t h r e e p e r i p h e r a l s h i m r o d s . 

S t a r t i n g f r o m S U B - 7 , r e 

m o v e P S R ' s a t l o c a t i o n s 7 0 2 , 7 1 4 . a n d 

7 2 6 a n d i n s e r t R R . T h e r e a c t i v i t y of 

S U B - 8 w a s - 1 1 7 7 + 12 I h . 

Fig. VU.4. FTR-
ANL 

EMC Core Map, Stationary Half. 
Nee. No. 116-744. 

2.- S u b c r i t i c a l C o n f i g u r a t i o n N o . 9 ( S U B - 9 ) . T h e m a i n 
p u r p o s e of t h i s e x p e r i m e n t w a s to a s s e s s t h e w o r t h of i n s e r t i n g t w o a d d i 
t i o n a l m a t e r i a l - t e s t l o o p s . 

S t a r t i n g f r o m S U B - 8 i n s e r t M T ' s a t l o c a t i o n s 4 0 1 
a n d 4 1 3 . T h e r e a c t i v i t y of S U B - 9 w a s - 2 3 9 7 + 62 Ih . 

3. B e g i n n i n g - o f - l i f e ( B O L ) C o n f i g u r a t i o n . T h e p u r 
p o s e of t h i s e x p e r i m e n t w a s to e s t a b l i s h t h e r e a c t i v i t y of t h e c o n f i g u r a t i o n 
of t h e F T R a t t h e b e g i n n i n g of l i f e . T h e c o n f i g u r a t i o n i s p r e s c r i b e d a s f o l 
l o w s ( s e e F i g . V I I . 4 ; a l s o F i g . V I I . 3 in A N L - 7 8 2 5 ) . 

(a) The s ix C R ' s at l o c a t i o n s 506, 508, 514, 516, 
522, and 524 banked at 20 in. i n s e r t e d . 

(b) All fuel dep le t ion r e m o v e d . 

file:///vith
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(c) The three MT's at locations 401, 407, and 
413 inserted. 

(d) The OSC at location 203 fully withdrawn. 

(e) The three SR's at locations 304, 308, and 
312 fully withdrawn, 

(f) The two OP'S at locations 201 and 40 3 
installed. 

(g) The two SP's at locations 415 and 62 5 
installed, 

(h) With the above conditions met, a sufficient 
number of PSR's fully inserted to establish 
as near a critical state as possible. The PSR 
location insertion order is 702, 714, 726, 705, 
717, and 729. 

Condition (a) above could not be met due to the lack 
of suitable B4C piece sizes necessary to mockup a control rod inserted 20 in. 
A compromise to the desired BOL configuration was necessary. The follow
ing steps were therefore taken based upon the assumption that the reactivity 
effect of six CR's inserted 20 in. is very close to the combined reactivity 
effect of three CR's inserted 18 in. and three CR's inserted 22 in. Additional 
steps were also included to verify appropriate correction factors, if needed. 

4_. Configuration BOL-A. The main purpose of this 
step was established as near to crit ical as possible, the reactivity of a BOL 
configuration having the six control rods banked at 18 in. inserted. 

Starting from SUB-9, withdraw and bank at 18 in. 
inserted the CR's at locations 506, 508, 514, 516, 522, and 524, and insert 
PSR's to balance the reactivity change, BOL-A was crit ical with three 
PSR's inserted (locations 702, 714, and 726) and an excess reactivity of 
212.3 ± 4.0 Ih. 

5. Configuration BOL-B, The purpose of this step 
was to assess the worth of six control rods banked at 22 in. inserted. 

Starting from BOL-A, insert from 18 to 22 in. the 
CR's at locations 506, 508, 514, 516, 522, and 524. The reactivity of BOL-B 
was -1076 ± 14 Ih. 

6^. Configuration BOL-C. The purpose of this step 
was to assess the worth of three control rods banked at 18 in. and three 
other control rods banked at 22 in. 

Starting from BOL-B, withdraw and bank at 18 in, 
the CR's at locations 506, 514, and 522. The reactivity of BOL-C was 
-408.1 + 4.4 Ih. 
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7 Conf igura t ion B O L - D . The p u r p o s e of th i s s t e p 
was to a s s e s s the subcr i t ical i ty of the BOL conf igura t ion wi th five P S R ' s 
i n s e r t e d when t h r e e con t ro l rods a r e banked at 18 in. and t h r e e a t 22 m. 

S ta r t i ng f rom B O L - C , i n s e r t P S R ' s a t l o c a t i o n s 705 

and 717. The reac t iv i ty of B O L - D was -1205 ± 11 Ih. 

8 Conf igura t ion B O L - E . The m a i n p u r p o s e of th i s 
s t ep was to e s t a b l i s h T a s nea r to c r i t i c a l as p o s s i b l e , the r e a c t i v i t y of a B O L 
conf igurat ion having t h r e e con t ro l rods banked at 18 in. and t h r e e o t h e r con -
t r o l rods banked at 22 in. 

S ta r t ing f rom B O L - D , r e m o v e P S R ' s unt i l n e a r 
c r i t i ca l i t y is achieved. P S R ' s 705. 717. and 726 w e r e r e m o v e d . With two 
P S R ' s i n s e r t e d (702 and 714), the B O L - E conf igura t ion had an e x c e s s r e a c 
t ivi ty of 13.6 ± 4.0 Ih. 

(b) Data Tabula t ion . Tab le VIL4 s u m m a r i z e s the v a r i o u s 
c o r e conf igurat ions a s s e m b l e d in the t r a n s i t i o n f rom S U B - 7 to B O L - E . 

Table VII.5 is a tabu la t ion of all the m a j o r r e a c t i v i t y 
m e a s u r e m e n t s and exchange wor ths obta ined f rom E O C - 3 t h r o u g h B O L - E . 
The tab le shows the condit ion of each PSR, CR. and MT in the fol lowing 
m a n n e r : In EOC-3 (loading 26), al l a r e in the w i t h d r a w n condi t ion , ind i 
cated by W. In SUB-1 (loading 28), all s ix P S R ' s have been i n s e r t e d , i nd i 
cated by I. Where no symbol a p p e a r s for a PSR, CR, or MT in a given 
configurat ion, the s ta te of that s u b a s s e m b l y is unchanged f r o m the p r e v i o u s 
configurat ion. In SUB-3 , +25% m e a n s that the B4C c o n c e n t r a t i o n was in
c r e a s e d by 25% in the des igna ted con t ro l r o d s . The s u p e r s c r i p t s on I and 
W indicate the number of inches that the con t ro l r od is i n s e r t e d o r w i t h d r a w n 

TABLE VH.4. Core Configuration for Various Stages of Transition from SUB-8 to BOL-E 

Number of Number of 
Material Test Peripheral Shim 

Configuration Regions Present Rods Present 
Position of Row 5 

Control Rods 

Highest 
Remaining Fissile Mass, kg 
Depletion 
Number ^'^Pu -t- ̂ '•Ipu ^35^ 

SUB-8 

SUB-9 

BOL-A 

BOL-B 

BOL-C 

BOL-D 

6 f u l l y I n s e r t e d 

6 f u l l y I n s e r t e d 

6 banked a t 18 i n 

6 banked a t 22 In 

3 banked at 18 In 

3 banked at 22 In 

3 banked at 18 In 
3 banked* at 22 In 

3 banked at 18 in 
3 banked at 22 In 

irted 

Inserted 

.nserted & 

.nserted 

.nserted & 

.nserted 

.nserted & 
inserted 

542.259 3.919 

530.259 3.815 

530.259 3.815 

530.259 3.815 

530.259 3.815 

530.259 3.815 

530.259 3.8X5 



TABLE VII.5. Reactivity Measurements and Exchange Worths for Steps EOC-3 through BOL-E 

onfiguration Loading 702 705 714 717 726 729 506 508 51A 516 522 52A 

MT k excess Exchange 
• Depletion at 25*C, Error, Worth, Error, 

401 407 413 Tubes Ih Ih Ih Ih 

EOC-3 
SUB-1 
ICl 
SUB-2 
IC2 
SUB-3 
SUB-4 
IC3 
SUB-5 
IC4-1 
IC4-2 
SUB-6 
SUB-7 
SUB-8 
SUB-9 
BOL-A 
BOL-B 
BOL-C 
BOL-D 
BOL-E 

26 
28 
30 
32 
39 
40 
41 
43 
44 
46 
47 
48 
49 
50 
52 
55 
56 
57 
58 
59 

31 
51 
52 
53 
54 
55 

29 
35 
36 
42 
45 

W 
I 

W 

I 

u 
I 

I 

u 
I 

w 

I 

w 

w 
I 

w 

I 

w 
I 

I 

+25% +25Z 
-25Z I' 

+25% 
-25% 

63 
63 
45 
45 
26 
26 
26 
13 
13 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

45 
0 
0 
0 
0 
0 

50 
38 
32 
16 

1 

+147.5 
-2058.9 

+13.2 
-1714 .8 

+125.9 
-434.6 

-1545.0 
+29.8 

-1660 .3 
-272 .1 
-261 .7 

-1447.8 
-2250 .3 
-1176 .5 
-2397 .1 

+212.3 
-1075.7 

-408 .1 
-1205.5 

+13.6 

-1213.0 
-1783 .1 
-2397.1 
-1542.3 

-690 .3 
+212.3 

-513.6 
-1145.0 

-449 .1 
-312.4 
-453.2 

4 .0 
37.2 

4 .0 
24.0 

4 .0 
5.0 

19 .8 
4 .0 

29.6 
4 .8 
4.2 

18.7 
65 .1 
11.2 
62 .1 

4 .0 
13.7 
4.4 

10.9 
4.0 

82.7 
35.4 
62 .1 
17.2 
4.7 
4.0 

9 .3 

-
8.3 
4 .0 
5.4 

-2206.4 
+2072.1 
-1728 .0 
+1840.7 

- 5 6 0 . 5 
-1110 .3 
+1574.8 
- 1 6 9 0 . 1 
+1388.2 

+10 .3 
- 1 1 8 6 . 1 

- 8 0 2 . 5 
+1073.8 
-1220.6 
+2609.4 
-1288.0 

+667.6 
-797 .4 

+1219.1 

-1226.2 
-606 .6 
- 6 1 4 . 1 
+854.9 
+851.9 
+902.6 

+1545.3 
+569.8 
+695.9 

+1232.6 
+1207.1 

37.4 
37.4 
24 .3 
24 .3 

6.4 
20.4 
20.2 
29 .8 
30.0 

6.4 
19.2 
67.7 
66 .1 
63 .1 
62 .3 
14.2 
14 .3 
11 .8 
11.7 

82 .8 
37.2 
71.5 
64 .5 
17 .8 

6 .1 

38.4 

-
-

20.2 
30.1 
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in the designated configuration. For example, in BOL-B all six control 
rods were 22 in. inserted. W corresponds to zero insertion, I means 
36-in. insertion. W'* is equivalent to l '^ 

For the location of the depleted driver tubes see 
Fig VII 3 in ANL-7825. The values of k-excess given in Table VII.5 are 
the results obtained by inverse kinetics. At the bottom of the table are 
two additional groups of measurements obtained as intermediate steps in 
the series of major configurations listed in the main part of the table. The 
configuration of the reactor for these measurements is defined as explained 
in the previous paragraph. 

(c) Temperature-coefficient Data. The temperature co
efficient of reactivity in the BOL-E configuration was measured on two 
successive days. On the first day, data were taken with the reactor cooling 
down from approximately 29.5 to 26.5°C. On the second day, data were 
initially taken with the reactor cooling between approximately 27.0 and 
2 5.5°C, and then heating up from approximately 2 5.5 to 30.5°C. The r e 
sults of the temperature-coefficient data, fitted to a straight line, were 
-3.925 ± 0.129, -2.913 + 0.259, and -3.161 + 0.087 Ih/°C, respectively, for 
the two cooling and one heating cycles. The average tempera ture coeffi
cient and standard deviation of these three fits is -3.333 ± 0.305 Ih/°C. 
The fit of all data (cooling and heating) on the second day was -3.022 ± 
0.070 Ih/°C. 

In addition to the range of results obtained for the 
temperature coefficient of reactivity, a shift in reactivity of 3-5 Ih was 
observed on two successive startups with the same loading. This differ
ence is attributed to the nonreproducibility of (l) the gap between the halves, 
(2) fuel-bearing rod positions when fully inserted, and (3) ' " B rod positions 
when fully withdrawn. As in the FTR-3 experiments, an uncertainty of 
±4 Ih has been added to the standard deviations obtained for each 
configuration. 

In previous temperature-coefficient measurements 
(see Progress Report ANL-7825, pp. 7.6-7.7) made in the EOC-2. EOC-3, 
and ICl configurations, restrictions on the data were placed that selected 
only that data that indicated a nearly flat temperature profile across the 
reactor. The results of those measurements were that the tempera ture 
coefficient of reactivity was -4.1 + 0.4 Ih/°C. If only the res t r ic ted data 
are used from the measurements made in the BOL-E configuration, the 
cooling and heating data taken on the second day give a tempera ture coeffi
cient -3.093 ± 0.066 Ih/°C. Using only the heating cycle data gives a fitted 
coefficient of -3.141 ± 0.090 Ih/°C. EVuring the cooling cycles, there were 
insufficient data that met the " Hat-pro file" cri terion to obtain a useful fit. 

Our experience has shown that several hours of oper
ating time are required after startup before the desired "flat" tempera ture 
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profile can be achieved. It was decided that this requirement could be re 
laxed when the average reactor temperature was close to the reference 
tempera ture . In this situation, the temperature correction would be small 
and the uncertainty in the temperature coefficient would be unimportant. 
Thus, from IC4 through the BOL, the average core temperature was always 
within about 2°C of the reference tempera ture , and an uncertainty in the 
temperature coefficient as large as 1 Ih/°C would result in an e r ro r no 
greater than 2 Ih. The best est imate of the temperature coefficient to be 
used in the BOL configuration is -3.3 + 0.3 Ih/°C. The value obtained for 
the EOC configuration was -4.1 ± 0.4 Ih/°C. All the data in this report 
have been adjusted using the value of -4.1 Ih/^C. 

2. Fast Critical Faci l i t ies ; Experiments and Evaluation--Idaho (02-181) 

a. Clean Critical Experiments. P. I. Amundson (Last reported: 
ANL-7833, p. 7.10) 

(1) Central Zone P l a t e / P i i Heterogeneity Measurements in 
ZPPR Assembly 2 (W. K. Lehto). The central zone of the two-zone Dem
onstration-plant Benchmark Critical Assembly, ZPPR Assembly 2, was 
designed to provide a precise compositional match of the plate composition 
with pin-calandria mat r ix assemblies containing jacketed nominal 3/8-in.-
dia plutonium-uranium oxide pins. The pins are positioned in an axially 
oriented 4 x 4 ar ray of through tubes welded in nominal 2 x 2 x 12-in. 
sodium-filled calandria. 

The precise relative compositions facilitate measurement 
of the configurational difference between the plate and pin geometries . 
Reactivity-difference measurements made to compare pin and plate load
ings in a 69-matr ix ( 9 x 9 with corners missing)-size zone at core center, 
extending 24 in. (18 in. of core plus 6 in. into blanket) into each half of the 
compositionally matched pin and plate geometries has shown the plate 
loading to be more reactive by 76.1 Ih. 

Since only configuration differences were to be emphasized, 
considerable care was taken to eliminate or minimize the compositional dif
ferences between the two loadings. This was done by carefully selecting and 
weighing plate components to obtain, drawer by drawer, as close a material 
match as possible. The procedure followed was to select fuel plates on the 
basis of fissile plutonium content to match the plutonium in the preselected 
calandria elements. U30g plates were then selected to complete the uranium 
match. The oxygen match was completed by weighing and loading Fe^O,. 
This procedure was followed in matching mater ia l compositions in each of 
three spatial zones for each drawer. These zones were: 

(1) The front 12 in. of the inner-core composition. 

(2) The rear 6 in. of the inner-core composition. 

(3) The first 6 in. of the axial blanket. 
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The remainder of the axial blanket (beyond 24 in. in each half) was used for 
both plates and pins so that no material balance was necessary . 

A total of 42 matching calandria-plate drawers were matched 
in this manner, and the reactivity effect of the 69-matr ix-s ize zone was eval
uated by successive placements of these matched drawers . Reference 
control-rod positions were established with the plate drawers in core which 
were in turn replaced with matched calandria, and the reactivity changes 
were then measured by comparison of calibrated control-rod positions. 

The above matching procedure allowed no mismatch in fis
sile plutonium, ^̂ *U, and oxygen; however, it invariably resul ts in certain 
compositional mismatches, primarily in the stainless steel constituents. 
The correction for these material imbalances was made zone by zone for 
all 414 matching zones using measured and calculated radial and axial 
small-sample reactivities averaged over each matching zone. The magni
tude of this correction is presently being finalized. 

Calculations are being performed to estimate the uncer
tainty in the measured value. This uncertainty is pr imari ly due to impre
cision in the knowledge of the actual mass of each material in each matching 
unit. The uncertainties, along with precise material densities and corrected 
step-by-step reactivity differences, will be reported upon completion of the 
data analysis. 

b. Doppler Experiments. R. E. Kaiser (Last reported: 
ANL-7833, p. 7.14) 

Data from inverse-kinetics measurements of the PuOj Doppler 
sample in ZPPR Assembly 2 have been used to obtain an axial t r ave r se of 
the reactivity effect in a 12-in. sample due to heating from 300 to 1100°K. 
The value at core center is negative, as reported in ANL-7825. but becomes 
positive at the core/axial-blanket interface. Par t of this effect is due to 
sample expansion, since the sample is fixed at one end and expands towards 
the core center, that is, in the direction of increasing flux. The softer spec
trum near the blanket may cause a changed Doppler effect, which could ex
plain the remainder of the reactivity change. Further investigation is being 
done in obtaining traverse data from inverse-kmetics runs. 

B- Support of ZPR Fast Critical Experiments 

'• Fast Critical Experiments; Theoretical Support--Illinois (02-134) 

-̂ ZPR Heterogeneity Method Development. B. A. Zolotar 
(Last reported: ANL-7798, p. 103) 

*!' A Comparative Study of Heterogeneity Treatments for ZPR 
r ^^7P^p^^^~ ^' ^° l° ta r and M. Salvatores). Heterogeneity calculations 
lor ZPR plate lattices play an important part in the analysis of fast cr i t icals 
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S e v e r a l t r e a t m e n t s of t h i s h e t e r o g e n e i t y have been deve loped , and th i s w o r k 
c o m p a r e s t he c a l c u l a t i o n of r e s o n a n c e c r o s s s e c t i o n s by t h r e e d i f fe ren t 
m e t h o d s . 

(a) The S t a n d a r d A r g o n n e Method . The MC^ code is u sed 
to ob ta in h o m o g e n e o u s b r o a d - g r o u p c r o s s s e c t i o n s for the s y s t e m under 
s tudy . C o r r e c t i o n s a r e t h e n m a d e in the r e s o n a n c e r a n g e , us ing e q u i v a l e n c e 
t h e o r y and the t w o - s i d e d E3 f o r m u l a t i o n to ob ta in i n - p l a t e c a p t u r e and 
f i s s i o n - r e s o n a n c e c r o s s s e c t i o n s for each a b s o r b e r p l a t e . B r o a d - g r o u p flux 
s h a p e s a r e d e t e r m i n e d f rom e i t h e r Sn o r i n t e g r a l t r a n s p o r t m e t h o d s and a r e 
u s e d to ob ta in c e l l - a v e r a g e d c r o s s s e c t i o n s which p r e s e r v e r e a c t i o n r a t e s . 
The new MC^-2 code wi l l inc lude the e l e m e n t s of th i s me thod . 

(b) The R A B B L E Method. Th i s is an i n t e g r a l t r a n s p o r t 
code wi th n u m e r i c a l i n t e g r a t i o n of the s lowing-down equa t ion ove r the r e s o 
nance r a n g e . 

(c) The SMC Method.* A modi f i ed Monte C a r l o t r e a t m e n t 
is u sed for the so lu t ion of the B o l t z m a n n equa t ion in the r e s o n a n c e r eg ion . 
The e n e r g y v a r i a t i o n of a n e u t r o n h i s t o r y is t r e a t e d exac t ly , and the s p a c e -
angle t r a n s p o r t is a p p r o x i m a t e d by a f l a t - s o u r c e c o l l i s i o n - p r o b a b i l i t y fo r 
m u l a t i o n . All SMC r e s u l t s p r e s e n t e d h e r e w e r e supp l ied by B. M. B ingman 
and E. E. Lewi s of N o r t h w e s t e r n U n i v e r s i t y . 

The c o m p a r i s o n was m a d e for a r e a l i s t i c r e p r e s e n t a t i o n of 
the Z P R - 6 A s s e m b l y 6 uni t cel l as g iven in Tab le VII .6 . An a t t e m p t was 
m a d e to e n s u r e c o n s i s t e n c y of the c r o s s s e c t i o n s u s e d in the t h r e e c a l c u l a 
t ions as far as was p o s s i b l e with the d i f fe r ing code f o r m a t s . The r e s o l v e d 
r e s o n a n c e c r o s s s e c t i o n s w e r e t a k e n f rom E N D F / B V e r s i o n I da ta . O t h e r 
c r o s s s e c t i o n s w e r e s i m i l a r , but not i den t i ca l to E N D F / B . The S t a n d a r d 
A r g o n n e Method u s e d i n t e g r a l t r a n s p o r t r a t h e r than Sn m e t h o d s . L e a k a g e 
c o r r e c t i o n s w e r e not inc luded in any of the c a l c u l a t i o n s . 

T a b l e VII.6 shows s o m e of the r e s u l t s for ^^'u c a p t u r e . 
The two g r o u p s shown a r e Group 17 (2 .03 -3 .35 keV), which inc ludes the 
s o d i u m r e s o n a n c e , and G r o u p 21 (0 .275-0 .454 keV), w h e r e the l i g h t - e l e m e n t 
c r o s s s e c t i o n s a r e r e l a t i v e l y s m o o t h . The Monte C a r l o r e s u l t s a r e for 
1500 h i s t o r i e s p e r g r o u p . The a g r e e m e n t be tween the m e t h o d s is r e l a t i v e l y 
good wi th the p o s s i b l e excep t ion of the c e l l - a v e r a g e va lue in G r o u p 17. The 
equ iva l ence t h e o r y u s e d in the S t a n d a r d A r g o n n e Method a p p e a r s to give 
r e a s o n a b l e i n - p l a t e c r o s s s e c t i o n s , even though the t h r e e p l a t e s con ta in ing 
^̂ *U differ (as exh ib i t ed by the v a r y i n g i n - p l a t e c r o s s s e c t i o n s ) . The h o m o 
geneous and inf in i te ly d i lu te v a l u e s a r e g iven to p r o v i d e a m e a s u r e of the 
h e t e r o g e n e i t y . 

*B. M. Bingman and E. E. Lewis, An Approximate Monte Carlo Treatment of Resonance Absorption in Reactor 
Lattices. Trans. Am. Nucl. Soc. 14, 219 (1971). 
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TABLE VII.6. ^^^U Capture Cross Section, b 

Group 17 

I n f i n i t e l y Di lu te 

Homogeneous 

P la te 2^ 

P l a t e 7^ 

P l a t e lO" 

Cell Average 

Croup 21 

I n f i n i t e l y Di lu te 

Homogeneous 

P la te 2" 

Pla te 7^ 

P la te l o " 

Cell Average 

^ZPR-6 Assembly 6 Cell 

Standard 
Argonne 

Method 

1.160 

1.053 

1.002 

1.050 

0.Q72 

1.197 

l.Ufx 

0 . 8 8 5 

1.064 

n . 9 8 3 

R e p r e s e n t a t i o n 

RABBLE 

1 .390 

1 .129 

1 .023 

0 . 9 8 6 

1.024 

1 .001 

• 

3 . 3 6 2 

1.109 

1 .077 

0,P.56 

1 .043 

0 . 9 6 9 

SMC 

0 . 9 9 8 + 0 . 0 2 2 

0 . 9 9 0 ± 0 . 0 4 0 

1 .100 + 0 . 0 5 1 

0 . 9 7 ± 0 . 0 3 

0 . 8 6 ± n . 0 3 

0 . 9 8 ± 0 . 0 6 

1 2 3 4 5 6 7 8 9 10 
M UO Na FO SS 115 U8 PO Na UO 

M = M a t r i x + Drawer 
UO = 1/4 i n . U30e P l a t e 
Na = 1/2 i n . Na P l a t e 
FO = 1/8 i n . FejOs P l a t e 
SS = 1/16 i n . S t a i n l e s s S t e e l P l a t e 
U5 = 1/16 i n . 2 35u P l a t e 
U8 = 1/8 i n . 2 38i, P l a t e 

A d d i t i o n a l r e s u l t s h a v e b e e n o b t a i n e d for " ^ ^ r e s o n a n c e 
c a p t u r e a n d f i s s i o n c r o s s s e c t i o n s a n d f o r f l u x s h a p e s in t h e u n i t c e l l . 
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2. F a s t C r i t i c a l E x p e r i m e n t s ; E x p e r i m e n t a l S u p p o r t - - I l l i n o i s (0 2-013) 

a. M a i n t e n a n c e of Suppor t T e c h n i q u e s and F a c i l i t i e s . E. F . Benne t t 

( L a s t r e p o r t e d : A N L - 7 7 6 5 , p . 9) 

( l ) R e a c t i o n - r a t e D i s t r i b u t i o n s in F a s t - r e a c t o r Ce l l s 

(W. R. R o b i n s o n , M. S a l v a t o r e s , G. S. S tanfo rd , and B . A. Z o l o t a r ) . De t a i l ed 

i n t r a c e l l r e a c t i o n - r a t e r a t i o s in the h e t e r o g e n e o u s p l a t e - t y p e loading of 

Z P R - 6 A s s e m b l y 1* (the S i n g l e - z o n e D e m o n s t r a t i o n - r e a c t o r B e n c h m a r k 

A s s e m b l y ) h a v e b e e n m e a s u r e d and ca l cu l a t ed . The r e a c t i o n - r a t e r a t i o s 

i n v e s t i g a t e d w e r e b a s e d on f i s s ions in "^U ("f ) , " ' U (^^f), and " ' P u (^'f), 

and c a p t u r e s in ^"U (^'c). F i g u r e VII .5 shows the r e s u l t s for the c e n t r a l 

r e a c t i o n - r a t e r a t i o s and a l s o i nd i ca t e s the loading p a t t e r n for half of the 

s y m m e t r i c ce l l . The e x p e r i m e n t a l ce l l shown (conta ined in a 2 - in . cube) 

d i f fe rs f r o m the n o r m a l ce l l loading in tha t two h a l f - t h i c k n e s s fuel p l a t e s 

w e r e u sed . 

. „ 0 02 1 

e 0 02 

c 002 

K 0 02 

^ 0 020 

I 0 18 

p Olii 

CALCULATED 

i~>^^r-

-J' UJ: 

.̂' TA 

Fig. VII.5 

Measured ai.d Calculated Microscopic Reaction-rate 
Ratios for ZPR-6 Assembly 7. Calculated results havt 
been norm.iiized as indicated in Table VII.7. Abso
lute errors (lo) assigned to the experimental points aie 
±2% for 28f/49f and 28c/49f, and ±2.5»/o for 25f/49f. 
The relative precision of the points in each curve is 
±0.5%. ANL Neg. No. 116-745. 

T h e f o i l s w e r e l o c a t e d b e t w e e n t h e c e l l c o m p o n e n t s . C a l i 

b r a t i o n of t h e a c t i v a t e d f o i l s w a s a c c o m p l i s h e d b y t h r e e m e t h o d s : f i s s i o n 

c h a m b e r s (^^f, ^ f̂, ' " f ) , s i m u l t a n e o u s i r r a d i a t i o n in a t h e r m a l f l u x (^*f, ^'f, 

" c ) , a n d r a d i o c h e m i s t r y ("f , ^ f̂, « f , ^^c) . 

T h e c a l c u l a t i o n s w e r e b a s e d o n E N D F / B V e r s i o n I d a t a , 

u s i n g t h e M C ^ c o d e * * t o g e n e r a t e h o m o g e n e o u s 2 7 - g r o u p c r o s s s e c l i o n s . 

T h e ^^*U a n d ^ ^ ' P u r e s o n a n c e c r o s s s e c t i o n s w e r e c o r r e c t e d f o r p l a t e h e t 

e r o g e n e i t y u s i n g e q u i v a l e n c e t h e o r y t o o b t a i n s e l f - s h i e l d i n g f a c t o r s c o r r e 

s p o n d i n g t o t h e p l a t e s a n d t o f o i l s b e t w e e n p l a t e s . U n i t - c e l l f l u x e s w e r e 

*L. G. LeSage, E. M. Bohn, J. E. Marshall, R. A. Karam, C. E. Till. R. A. Lewis, and M. Salvatores, Initial 
Experimental Results from ZPR-6 Assembly 7, The Single-Zone Demoristration Reactor Benchmark Assembly, 
Trans. Am. Nucl. Soc. 14, 17 (1971). 

**B. J. Toppel, A. L. Rago, and D. M. O'Shea, MC^, A Code to Calculate Multigroup Cross Sections, 
ANL-7318 (June 1967). 

*K . D. Dance, "An Equivalence-Theory Capture Cross Section Code for Plate-Type Cells," Reactor Physics 
Division Annual Repon: July 1. 1967 to June 30, 1968, ANL-7410,pp. 434-435 Oan 1969). 

TTK. D. Dance, Resonance Neutron Absorption in a Foil in a Plate-Type Lattice, Nucl. Sci. Eng. 37, 300 (1969). 
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ca l cu la t ed both with i n t e g r a l * and Sj^ t r a n s p o r t m e t h o d s , wh ich gave i n d i s 
t ingu i shab le r e s u l t s . C o r r e c t i o n s w e r e m a d e for the effects of the n o r m a l 
co re loading on the e x p e r i m e n t a l cel l s p e c t r u m . 

The ca lcu la ted r e a c t i o n - r a t e r a t i o s p r e s e n t e d in F i g . VII .5 
a r e n o r m a l i z e d to give the e x p e r i m e n t a l cel l a v e r a g e v a l u e s . S p a t i a l d i s 
t r i bu t i ons a r e c lose ly p r e d i c t e d with the excep t ion of the ^^^U c a p t u r e . 

Table VII.7 c o m p a r e s the e x p e r i m e n t a l and c a l c u l a t e d ce l l 
a v e r a g e s . The ca lcu la t ions for the n o r m a l c o r e a r e g iven to i n d i c a t e the 
d i f fe rences caused by the e x p e r i m e n t a l loading. A u x i l i a r y c a l c u l a t i o n s wi th 
E N D F / B V e r s i o n II data do not r e m o v e the d i s c r e p a n c i e s . 

TABLE VII.7. Central Cell Reaction-rate Ratios 

Calculated 
Normal 

Core Loading 

Calculated 
Experimental 

Loading^ 
Experiment I 

Experiment Calculat ion/ 

28f/^9f 

28^/M9f 

2Bf/25f 

2B<./2Sf 

1.1588 

0.02388 

0.16 35 

n.02061 

0.1411 

1.1505 

0.02305 

0.1641 

0.0 2004 

0.1426 

1.0645 

0.02338 

0.1430 

0.n2202 

0.1343 

0.025 

1.014 

0.871 

1.099 

0.942 

llV'^'";, ^"^: ^;<P"imental loading had about 30% less " 9 p „ ^„j , 5 ^ 
less u than the normal c e l l . 

Used for normalization of calculat ion in Fig. VII .5 . 

"-• F a s t R e a c t o r Ana lys i s and Compu ta t i ona l Methods 

^- Reac to r P h y s i c s - - A p p l i e d Computa t iona l Methods (02-081) 

^- C r o s s - s e c t i o n Data Eva lua t ion . E. M. P e n n i n g t o n ( L a s t 
r e p o r t e d : ANL-7825 , p. 7.34) 

f . ^ ™ ° ^ / S d^t^ t es t ing using the v e r s i o n s of ^35u " 8 ^ and ^^'P„ 
f rom tape 700 has been comple ted . Tab le VII.8 shows the v a l u e s of k „ 

V - n r d a t a " t h e ' ' ? y ' ' ' ^ " f " ^ " ' ^^^^"^^^^^^ "^^"^ * ^ ° ^ ^ S - ^ ^ V e r s i " l l 
I s ns of 'a^ ENDF7R°t r V ' ' ^ ' ^ - ^ ' ^ " g - ^ P ^ - e l a c c o r d i n g to the s u g -

g of an E N D F / B t a sk force (BGM), and the da ta f rom tape 700. It is 

*F. L. Fillmore and L. D. Felten The rAtHrx u. . 
2PR-3-48. AI-67-91 (1967). 1 'f L l ! 11 ""^"^"""""^ Perturbation Theory Code and Applications to 
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s e e n tha t u s e of e i t h e r BGM o r t ape 700 da ta g ives b e t t e r v a l u e s of kgff 
than w e r e ob t a ined with the o r i g i n a l V-II da ta . The i m p r o v e d v a l u e s of 
keff r e s u l t l a r g e l y f r o m a d e c r e a s e in the c a p t u r e c r o s s s e c t i o n of ^'^U 
and i n c r e a s e s in the f i s s i o n c r o s s s e c t i o n s of ^^'Pu and ^ ' 'U . 

TABLE V11.8, kgff for Benchmark Assemblies 

Assembly V-II BGM 700 

ZFR-3-48 

ZEBRA-3 

JEZEBEL 

GODIVA 

ZPR-3-6F 

VERA-IB 

ZPR-3-56B 

0.96135 

0.94897 

0.98870 

1.00117 

0.99264 

0.98926 

0.99385 

1.00794 

0.99999 

0.99166 

1.00912 

0.99902 

0.99886 

b. Reactor Computations and Code Development. B. J. Toppel 
(Last reported: ANL-7833, p. 7.22) 

(1) The MC'-2 Code (H. Henryson II, C. G. Stenberg, and 
B. J. Toppel). The coding and prel iminary testing of the resonance module 
(Area l) that generates the tabulated scattering and capture cross sections 
to replace the unresolved and resolved resonance parameters for "light" 
mater ia ls as well as creating file 3 (unresolved resonance data) and file 4 
(resolved resonance data) of the MC^-2 l ibrary is now complete. Pa r t of 
the testing process consisted of combining the generated tabulated sca t ter 
ing and capture cross sections with their respective smooth tabulated values 
given in file 3 of E N D F / B in order to obtain the total elastic scattering and 
total radiative capture cross sections which appear in file 5 of the MC^-
2 l ibrary. After the generated tabulated data are added to the smooth 
E N D F / B data, a check is made to ensure that all resulting tabulated cross 
sections are positive. If any cross sections are negative, they are arbi 
t ra r i ly reset to 10"^ barn. This condition has not been encountered in 
testing. 

The computer core requirements of the resonance module 
consist of 13,000 words for code instructions and this leaves approximately 
37,000 words for the BPOINTER container a r ray if the module is to execute 
within the 50 ,000-word limit set forth by the Computer Code Coordination 
Committee. If we consider a problem execution using mater ia ls with the 
most extreme conditions encountered by Version II E N D F / B data that is 
MO with its seven isotopes, NB with its three angular momentum sta tes , 
and revised ^̂  Pu with its 43 unresolved energy points, then the container 
a r ray has enough remaining space to accommodate generated tabulated 
and capture cross sections with 3000 energy points. 



7.16 

The coding and preliminary testing of the module (Area l) 
that generates the fission-spectra data has been started and is now com
pleted. The generalized fission spectrum is represented by 

X ( E , E ' ) = a(E) - ^ e x p 
T ( E ) ' 

E' 
"T(E) 

4E ' E ' 
/ 3 ( E ) 

(1) 

w h e r e a (E) , /3(E), and T ( E ) a r e c a l c u l a t e d a v e r a g e u l t r a f i n e - g r o u p v a l u e s , 
and E and E' a r e incident and final neu t ron e n e r g i e s . The f i r s t t e r m in 
Eq 1 is an evapora t ion s p e c t r u m and is d e s i g n a t e d by the E N D F / B l aw 
L F = 7. All the f i s s ionable m a t e r i a l s in V e r s i o n II of E N D F / B n e u t r o n 
da t a a r e r e p r e s e n t e d by L F = 7 o r L F = 9 o r t h e i r equ iva l en t . With the 
p r e s e n t V e r s i o n II da ta , l i n e a r combina t ions of t h e s e two laws do not e x i s t 
for any m a t e r i a l s . One of the V e r s i o n II E N D F / B t a p e s ( n a m e l y , t a p e 204) 
conta ins f i s s i o n - s p e c t r a da ta with L F = 6 o r 8. T h e s e two d i s t r i b u t i o n 
laws a r e not to be used acco rd ing to the p r e s e n t r u l e s se t fo r th by the 
E N D F / B d.ita f o r m a t s . * L F = 6 or 8 c o r r e s p o n d s to L F = 7 o r 9, r e s p e c 
t ive ly , in which a, j3, and T a r e e n e r g y - i n d e p e n d e n t q u a n t i t i e s . The m o d 
ule that g e n e r a t e s the f i s s i o n - s p e c t r a da ta h a s b e e n coded to cope with l a w s 
L F = 6 or 8. 

F i l e 5 of the MC^-2 l i b r a r y con ta ins the e l a s t i c s c a t t e r i n g 
c r o s s sec t ions a v e r a g e d over u l t ra f ine g r o u p s . The e l a s t i c s c a t t e r i n g 
c r o s s sec t ion equals the smoo th ( tabula ted E N D F / B ) e l a s t i c s c a t t e r i n g 
c r o s s sec t ion , plus g e n e r a t e d r e s o l v e d r e s o n a n c e s c a t t e r i n g , p lus g e n e r 
a ted un re so lved r e s o n a n c e s c a t t e r i n g c r o s s s e c t i o n . F o r a " h e a v y " m a s s , 
which is cont ro l led by u s e r option, the e l a s t i c s c a t t e r i n g c r o s s s e c t i o n 
does not include the r e s o n a n c e s c a t t e r i n g c r o s s s e c t i o n s . In al l c a s e s , the 
e l a s t i c s c a t t e r i n g expl ic i t ly inc ludes the po ten t i a l s c a t t e r i n g c r o s s s e c t i o n . 
T h e r e f o r e , to obtain the e l a s t i c s c a t t e r i n g c r o s s s e c t i o n for a " h e a v y " m a s s , 
the potent ia l s c a t t e r i n g c r o s s s ec t i on m u s t be added to the s m o o t h ( t abu la ted 
E N D F / B ) s c a t t e r i n g da ta if and only if a "heavy" m a s s has E N D F / B r e s o 
nance p a r a m e t e r s . If no r e s o n a n c e p a r a m e t e r s a r e p r e s e n t for a m a t e r i a l , 
then the smooth ( tabulated E N D F / B ) s c a t t e r i n g da t a a r e u n d e r s t o o d to a l 
r eady include the potent ia l s c a t t e r i n g . F o r the p r e s e n t , the c a l c u l a t i o n of 
the potent ia l s c a t t e r i n g c r o s s sec t ion for "heavy" m a t e r i a l s wi l l b e t a k e n 
as cons tant over the ene rgy of the r e s o n a n c e r e g i o n ; t h u s , 

a = 47ra^, 

whe re "a" is the effective s c a t t e r i n g r a d i u s . This c o n s t a n t va lue of the 
potent ia l s c a t t e r i n g will be in e r r o r of 3-7% for f i s s i l e and f e r t i l e m a t e r i a l s 
at the upper un re so lved ene rgy r eg ion , c o m p a r e d with c a l c u l a t i n g the p o t e n 
t ia l s c a t t e r i n g pointwise over the r e s o n a n c e r eg ion . 

*M. C. Drake, Editor, Data Formats and Procedures for the Neutron Cross Section Library, BNL-50274 (T-601) 
(Oct 1970). 
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An object module l ibrary has been prepared for use in con
structing load modules for Areas 5, 6, and 6.5. These areas are now being 
tested using a test l ibrary containing ^' 'Pu and ^^*U. Areas 5 and 6 require 
about 10,000 REAL*8 locations, and Area 6.5 requires about 6500 REAL*8 
locations exclusive of the POINTR container a r ray storage requirements. 
These areas have now also been modified to cope with the case in which a 
problem mixture contains no mater ia ls having resolved or unresolved reso
nance pa rame te r s . In these cases , the corresponding code area (6 or 5) is 
not executed. In either case, the interaction Area 6.5 is then not required, 
and it too is bypassed after determining that certain sets have not been 
written. 

Testing and debugging of Area 7, the module that calculates 
the chi fission spectrum and the macroscopic cross sections, transfer mat
r i ces , and moderating pa ramete r s , has been proceeding using E N D F / B - I I 
data for the mater ia ls ^'"Pu and iron. All routines in the module have been 
debugged to the point of executing without FORTRAN-generated e r ro r stops. 
The numerical resul ts of the calculations a re presently being checked. The 
problem options in the execution were: 2040 groups, consistent Bj, extended 
t ransport order 9, and Improved Greuling Goertzel moderating parameters 
with the maltigroup-CSD partition at 4.99 keV. Area 7 executed in -1 min 
10 sec, and required -70,400 (double-precision) words of core storage. 
Most of the time was spent in calculati.ig the elastic matr ices (Fe- 15%, 
Pu-23%) and the moderating parameters (24%). Although there is not an 
exact time comparison with the present version of MC^, Area 7 wilj take 
more computing time than the comparable module of MC^. Several reasons 
account for this increased running time: 

(a) The present MC^ does not calculate moderating 
parameters . 

(b) All mater ia ls in MC^-2 will be treated by a "rigorous" 
Legendre algorithm. 

(c) The integration over the source group in calculating 
elastic matr ices is improved, but also slower than MC . 

Although the heavy mass approximation seems to be correct , 
a roundoff problem has been found to exist. Plutonium-241, the heavy mass 
mater ia l in the present study, has three groups of downscatter. The element 
0° (j -» j + 3) is calculated by balance in Area 7, 

a ° s ( j - J + 3) = o°s(j) - I o°3( j -* j+ j ' ) . 

The element o | ( j -* j + 3) is four orders of magnitude smaller than all other 
elements of the matr ix , but has been found to be negative in some groups. 



7 . 1 8 

T o a v o i d s u c h n o n p h y s i c a l r e s u l t s , t h e c o d e w i l l s e t a%{} - j + 3) = 0 if t h e 

c a l c u l a t i o n g i v e s a n e g a t i v e c r o s s s e c t i o n , a n d t h e o t h e r e l e m e n t s of t h e 

m a t r i x w i l l b e r e n o r m a l i z e d . 

T o f a c i l i t a t e d e b u g g i n g of M C ^ - 2 , a m o d i f i e d v e r s i o n of 

B P O I N T E R h a s b e e n p r e p a r e d w h i c h p r o v i d e s t h e a b s o l u t e c o r e l o c a t i o n of 

v a r i a b l y d i m e n s i o n e d a r r a y s i n t h e t r a c e b a c k p r i n t s . T h i s n e w v e r s i o n of 

B P O I N T E R h a s p r o v e n t o b e s o h e l p f u l in c o d e d e b u g g i n g t h a t i t i s b e i n g 

i n c o r p o r a t e d i n t o a l l m o d u l e s of t h e A R C S y s t e m . 

T e s t i n g a n d e v a l u a t i o n of t h e i n e l a s t i c a n d ( n , 2 n ) s c a t t e r i n g 

r o u t i n e f o r t h e s p e c t r u m m o d u l e , A r e a 8, h a v e b e e n c o m p l e t e d in t h e s e n s e 

t h a t f u r t h e r t e s t i n g m u s t a w a i t t h e c o m p l e t i o n of t h e r e m a i n d e r of t h e m o d 

u l e . T h e s t u d i e s h a v e s h o w n t h a t t i m i n g c o n t i n u e s t o b e a p r o b l e m in t h i s 

c a l c u l a t i o n , d e s p i t e t h e i n c o r p o r a t i o n of a f a s t e x p o n e n t i a l r o u t i n e . * T h e 

t i m e s r e q u i r e d f o r t h e c o n s i s t e n t - e v a p o r a t i o n - m o d e l t r e a t m e n t of ( n , 2 n ) 

s c a t t e r i n g , a l o n g w i t h i t s s u s c e p t i b i l i t y t o n u m e r i c a l r o u n d o f f d i f f i c u l t i e s , 

r u l e t h i s o p t i o n o u t of c o n s i d e r a t i o n f o r p r o d u c t i o n u s e i n M C ^ - 2 . H o w e v e r , 

t h e o p t i o n s e e m s t o b e u s e f u l in e v a l u a t i n g t h e E N D F / B ( n , 2 n ) s t a t i s t i c a l 

d a t a . T h e s t u d i e s h a v e s h o w n t h a t t h e E N D F / B d a t a f o r ' ^ C u p r e d i c t a c o n 

s i d e r a b l y h a r d e r ( n ,2n ) s o u r c e d i s t r i b u t i o n t h a n t h e c o n s i s t e n t m o d e l . A n 

F R A t e c h n i c a l m e m o r a n d u m w i l l b e p r e p a r e d t o r e p o r t t h e r e s u l t s of t h e s e 

s t u d i e s . 

C o d i n g in A r e a 8 h a s a l s o b e e n p r o c e e d i n g . R o u t i n e s a r e 

n o w a v a i l a b l e to c a l c u l a t e t h e m u l t i g r o u p a n d C S D a s y m p t o t i c s p e c t r u m , 

i n e l a s t i c a n d ( n , 2 n ) s o u r c e ( s e e a b o v e ) , a n d t h e n e w v a l u e s of B^ f o r b u c k l i n g 

i t e r a t i o n c a l c u l a t i o n . T h e l a t t e r r o u t i n e u s e s t h e s a m e a l g o r i t h m s ( l i n e a r 

o r p a r a b o l i c e x t r a p o l a t i o n ) a s t h o s e i n t h e A R C s y s t e m 1-D d i f f u s i o n - t h e o r y 

s e a r c h m o d u l e . * * It i s h o p e d t h a t t h e u s e of t h i s m o r e s o p h i s t i c a t e d a l g o 

r i t h m w i l l r e m o v e t h e a n o m a l o u s b e h a v i o r c h a r a c t e r i s t i c of b u c k l i n g 

s e a r c h e s in s u b c r i t i c a l s y s t e m s i n t h e p r e s e n t v e r s i o n of M C ^ . 

A p r e l i m i n a r y v e r s i o n of t h e m u l t i g r o u p c r o s s - s e c t i o n f i l e , 

t h e l o w e r i n t e r f a c e of M C ^ - 2 , h a s b e e n p r e p a r e d b y a s u b c o m m i t t e e of t h e 

C C C C . T h e f i l e f o r m a t w i l l p r o b a b l y r e q u i r e t h a t r e c o r d s w i t h d i f f e r e n t -

l e n g t h w o r d s a p p e a r . In t h e c o d i n g of M C ^ - 2 t o d a t e , t h e l / O s u b r o u t i n e s 

R E E D / R I T E w e r e no t c a p a b l e of h a n d l i n g s u c h r e c o r d s . A n e w v e r s i o n of 

R E E D / R I T E , w h i c h a v o i d s t h i s d i f f i c u l t y , h a s b e e n p r e p a r e d . A s a c o n s e 

q u e n c e of t h e n e w m e t h o d of i m p l e m e n t i n g b l o c k - d a t a t r a n s f e r , a l l s u b p r o 

g r a m s d o i n g I / O h a v e r e q u i r e d m i n o r m o d i f i c a t i o n s . F u r t h e r m o r e , t h e 

*A. P. Olson, "A Fast Exponential Subroutine for Calculating Collision Probabilities on the IBM/360 " 
^Applied Physics Division Annual Report: July 1, 1969 to June 30. 1970, ANL-7710, pp. 446-447 (Jan 1971) 

nAD;-!T'; ^'^' ' ' "^ ' ' " ' ' ^- ^- Kennedy, The ARC System One-dimensional Diffusion Theory Capability 
DARCID. ANL-7715, p. 355 (May 1971). ~ -^ '^' 
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l / O s t r a t e g y is no l o n g e r t r a n s p a r e n t to u s e r s of m a c h i n e s with a s i n g l e -
l eng th w o r d , though the change r e q u i r e d wil l amoun t to only one FORTRAN 
s t a t e m e n t p e r m o d u l e . The c h a n g e s r e q u i r e d in B P O I N T E R a r e c o n s i d e r 
ably g r e a t e r than t h i s . 

(2) An A s s e s s m e n t of the E N D F / B - I I (n,2n) Data for ^^Cu 
B a s e d on a C o n s i s t e n t E v a p o r a t i o n Mode l ( H . H e n r y s o n II). In a r e c e n t 
r e p o r t , * Segev has shown tha t the e n e r g y d i s t r i b u t i o n of s e c o n d a r y n e u t r o n s 
f r o m an (n,2n) r e a c t i o n m a y be d e r i v e d by a ca r e fu l c o n s i d e r a t i o n of the en
e r g e t i c s of the (n,n) i n e l a s t i c s c a t t e r i n g r e a c t i o n . Segev d e r i v e s an e x p r e s 
s ion for the (n,2n) e n e r g y d i s t r i b u t i o n which depends upon the i n e l a s t i c 
s c a t t e r i n g da t a and (n,2n) c r o s s s e c t i o n s , but is independen t of any s t a t i s 
t i ca l (n,2n) t e m p e r a t u r e da ta . Al l the da t a r e q u i r e d for th is fo rmula t ion 
a r e a v a i l a b l e in f i les 3 and 5 of the E N D F / B t ape . The E N D F / B f o r m a t s , 
h o w e v e r , p r o v i d e s t a t i s t i c a l da t a for the c a l c u l a t i o n of (n,2n) e n e r g y d i s 
t r i b u t i o n s tha t a r e independen t of the i n e l a s t i c s c a t t e r i n g da ta . Ca lcu la t ions 
have b e e n p e r f o r m e d us ing the da t a for '^Cu to c o m p a r e the e n e r g y d i s t r i 
bu t ions p r e d i c t e d f r o m the E N D F / B (n,2n) da t a and the c o n s i s t e n t -
e v a p o r a t i o n - m o d e l t r e a t m e n t . In th is c a s e , the E N D F / B e n e r g y d i s t r i b u t i o n 
is g iven by** 

2 

p ( E - E ' ) = J Yi •^' e x p [ - E 7 e k ( E ) ] , 0 £ E ' £ E , 
k = i 

w h e r e N is a n o r m a l i z a t i o n cons t an t . The c a l c u l a t i o n s w e r e p e r f o r m e d 
us ing s u b r o u t i n e s of the m u l t i g r o u p MC^-2 code . A cons tan t l e t h a r g y 
g roup width of 0 .00833 was u s e d , and the m a x i m u m e n e r g y was t aken as 
15 MeV. The (n,2n) t h r e s h o l d for '^Cu i s * l l MeV (group 38 in the m u l t i -
g roup c a l c u l a t i o n ) . F i g u r e VII.6 shows the s c a t t e r i n g s o u r c e f rom s o u r c e 
g roup 35 , 

S(E) = Za^ 2n(E ' )p(E ' ' * ^ ) ' 11.20 5 MeV s E ' == 11.299 MeV. 

T h e s e r e s u l t s i nd i ca t e tha t the u s e of E N D F / B (n,2n) s t a t i s t i c a l da ta would 
p r e d i c t too h a r d a s p e c t r u m in r e a c t o r c a l c u l a t i o n s . S i m i l a r r e s u l t s apply 
to al l the s o u r c e g r o u p s in the c a l c u l a t i o n , a l though dev ia t ions f rom the 
c o n s i s t e n t e v a p o r a t i o n m o d e l b e c o m e s m a l l e r as the s o u r c e e n e r g y in
c r e a s e s . The effects of t h e s e d e v i a t i o n s on L M F B R s p e c t r a and m u l t i -
g roup c r o s s s e c t i o n s a r e be ing i nves t i ga t ed . 

*M. Segev, "Inelastic Matrices in Multigroup Calculations," Applied Physics Division Annual Report: July 1, 
1969 to June 30, 1970, ANL-7710, pp. 374-381 (Jan 1971). 

**M. K. Drake, ed., "Data Formats and Procedures for the ENDF Neutron Cross Section Library," BNL-50274, 
p. 10.2 (Oct 1970). 

•fB. J. Toppel, "Plans for the New MĈ  Code, Mc2-2," Applied Physics Division Annual Report: July 1, 1969 
to June 30, 1970, ANL-7710, pp. 371-373 (Jan 1971). 
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Fig. VII.6. The Scattering Source from Group 35, 11.205 to 
11.299 MeV, foi^^Ca. ANL Neg. No. 116-777. 

S i n c e t h e c o n s i s t e n t e v a p o r a t i o n m o d e l r e q u i r e s a c o m 

p l e t e s t a t i s t i c a l i n e l a s t i c s o u r c e c a l c u l a t i o n f o r e a c h s i n k g r o u p of t h e f i r s t 

s e c o n d a r y n e u t r o n , t h e c a l c u l a t i o n t a k e s c o n s i d e r a b l y l o n g e r t h a n t h e 

E N D F / B f o r m u l a t i o n . C o n s e q u e n t l y , it i s n o t f e a s i b l e t o u s e t h e c o n s i s t e n t 

m o d e l in m u l t i g r o u p c a l c u l a t i o n s , e x c e p t a s a s t a n d a r d a g a i n s t w h i c h t o 

a s s e s s t h e (n ,2n ) s t a t i s t i c a l d a t a p r o v i d e d in t h e E N D F / B f i l e s . 

(3) C o r r e c t i o n s M a d e t o t h e T w o - d i m e n s i o n a l N e u t r o n -

i n v e n t o r y M o d u l e ( A J C 0 0 2 ) in t h e A R C S y s t e m ( C . G. S t e n b e r g ) . T h e t w o -

d i m e n s i o n a l n e u t r o n - i n v e n t o r y m o d u l e ( A J C 0 0 2 ) , * if p r o v i d e d w i t h t w o -

d i m e n s i o n a l f l u x e s , g e o m e t r y s p e c i f i c a t i o n s , a n d c r o s s s e c t i o n d a t a , t h e n 

c o m p u t e s a n d p r i n t s t h e f o l l o w i n g r e a c t i o n r a t e s : ( n , 7 ) , ( n , a ) , ( n , p ) , f i s s i o n , 

t o t a l , e l a s t i c r e m o v a l , i n e l a s t i c r e m o v a l , ( n , 2 n ) r e m o v a l , t o t a l r e m o v a l , 

p o w e r , p o w e r d e n s i t y , a n d m a x i m u m - t o - a v e r a g e p o w e r d e n s i t y ; a n d t h e 

f o l l o w i n g s o u r c e r a t e s : f i s s i o n , ( n , 2 n ) , a n d s c a t t e r i n g . T h e s e r a t e s a r e 

c o m p u t e d f o r a l l i s o t o p e s a n d f o r s p e c i f i e d m a t e r i a l s a n d c o m p o s i t i o n s , i n 

a l l r e g i o n s a n d in s p e c i f i e d a r e a s , m e s h i n t e r v a l s , a n d z o n e s . I n a d d i t i o n , 

r e g i o n a l l e a k a g e r a t e s , b r e e d i n g r a t i o s , a n d c o n v e r s i o n r a t i o s a r e a v a i l 

a b l e , a s a r e f i s s i o n , ( n , 7 ) , ( n , a ) , a n d ( n , p ) foi l a t s p e c i f i e d m e s h i n t e r v a l s . 

E v e n t h o u g h t h i s m o d u l e h a s b e e n i n t h e A R C S y s t e m f o r 
s e v e r a l m o n t h s , u s e r t e s t i n g of t h i s m o d u l e h a s n o t b e e n a c t i v e u n t i l r e 
c e n t l y . T o c o r r e c t l y c a l c u l a t e t h e r e a c t i o n r a t e s f o r e a c h m e s h i n t e r v a l . 

*D. A. Schoengold, D. J. Bingaman. G. K. Leaf, B. J. Toppel. and P. M. Walker, The ARC System Two-
dimensional Adjunct Calculations, ANL-7720 (to be published). Part Two, "Two-dimensional Neutron ' 
Inventory Module, INVENT2D (AJC002)." 
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a few c o r r e c t i o n s had to be m a d e in s u b r o u t i n e s F O I L ( con t ro l s the c a l c u 
l a t i on of foil r e a c t i o n r a t e s ) , ISOFOL ( r e c e i v e s an i so tope n u m b e r , inven
t o r y t y p e , and l i s t s of i n t e r v a l s and r e t u r n s a foil r e a c t i o n r a t e at each 
m e s h i n t e r v a l ) , and F O L C A L (ca l cu l a t e s the foil r e a c t i o n r a t e s for e a c h 
e n e r g y g r o u p and e a c h m e s h i n t e r v a l in a r eg ion ) . The c o r r e c t i o n s d e a l t 
m a i n l y wi th p r o p e r l y d i m e n s i o n i n g the r e a c t i o n r a t e s and f luxes as they 
a r e p a s s e d f r o m one s u b r o u t i n e to a n o t h e r . Both the r e a c t i o n r a t e s and 
f luxes a r e r e p r e s e n t e d as t w o - d i m e n s i o n a l a r r a y s . The r e a c t i o n r a t e s 
a r e r e p r e s e n t e d by an a r r a y in which one d i m e n s i o n r e p r e s e n t s the m e s h 
i n t e r v a l index which inc ludes an e n t i r e s p a c i a l r eg ion and the o t h e r d i m e n 
s ion r e p r e s e n t s the e n e r g y - g r o u p index. The fluxes on the o the r hand a r e 
r e p r e s e n t e d by an a r r a y in which one d i m e n s i o n r e p r e s e n t s the m e s h in
t e r v a l index which e n c o m p a s s e s all the s p a c i a l r e g i o n s and the o the r d i 
m e n s i o n r e p r e s e n t s the e n e r g y - g r o u p index. Also c o r r e c t e d in s u b r o u t i n e 
F O I L was the t w o - d i m e n s i o n a l v o l u m e e l e m e n t . In th i s s u b r o u t i n e as wel l 
as o t h e r s in th i s m o d u l e , the t w o - d i m e n s i o n a l v o l u m e e l e m e n t s a r e r e p r e 
s e n t e d by a o n e - d i m e n s i o n a l a r r a y with a n o t h e r a u x i l i a r y a r r a y supply ing 
the p r o p e r indexing . 

2. R e a c t o r Code C e n t e r . M. B u t l e r , P . Hen l ine , and M. Legan , AMD 
(02 -085 ; l a s t r e p o r t e d : A N L - 7 8 3 3 , p. 7.25) 

In Ju ly t h r e e p r o g r a m p a c k a g e s w e r e added to the C e n t e r ' s p r o g r a m 
l i b r a r y . 

The f i r s t of t h e s e , HEATRAN,* a f i n i t e - e l e m e n t code , so lves the 
h e a t - d i f f u s i o n equa t ion o v e r a t w o - d i m e n s i o n a l XY or RZ a r e a of any s h a p e 
o r m a t e r i a l d i s t r i b u t i o n . T r a n s f e r by r a d i a t i o n a c r o s s vo ids is a l lowed, 
and s p e c i a l p r o v i s i o n is m a d e for n a r r o w gaps . This F O R T R A N IV p r o g r a m 
is f r o m the ENEA C o m p u t e r P r o g r a m m e L i b r a r y (E303) and was w r i t t e n and 
i m p l e m e n t e d for the ICL 4-70 by the UKAEA R e a c t o r Group at R i s l ey . 

Los A l a m o s Sc ien t i f ic L a b o r a t o r y con t r ibu ted the ANCON** 
(ACC No. 486) p r o g r a m which was w r i t t e n in F O R T R A N IV for the CDC-6600. 
This code s o l v e s the p o i n t - r e a c t o r k ine t ic equa t ions with t h e r m a l feedback. 
L u m p - t y p e h e a t - b a l a n c e equa t ions a r e used to r e p r e s e n t the t h e r m o d y n a m 
i c s ; the h e a t c a p a c i t y of each l ump can v a r y with t e m p e r a t u r e . The r e a c 
t iv i ty is d e t e r m i n e d as the s u m of a r e a c t i v i t y - f e e d b a c k function, which is 
a funct ion of l u m p t e m p e r a t u r e , and an i m p r e s s e d - r e a c t i v i t y function, which 
can be e i t h e r a p o l y n o m i a l or s i n u s o i d a l function. 

The t h i r d p a c k a g e was an IBM-360 v e r s i o n of the l i b r a r y ' s S A F E - 3 D 
finite e l e m e n t p r o g r a m for t h r e e - d i m e n s i o n a l e l a s t i c a n a l y s i s of h e t e r o g e 
neous c o m p o s i t e s t r u c t u r e s (ACC No. 332). Oak Ridge Na t iona l L a b o r a t o r y 
p r e p a r e d the IBM F O R T R A N IV p a c k a g e , and it was checked out at the 
C e n t e r th i s m o n t h . 

*W. D. Collier, HEATRAN, A Finite Element Code for Heat Transfer Problems, TRG-Report-1807(R) (1969). 
**John C. Vigil, ANCON User's Manual, LA-4616 (May 1971). 
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During f i sca l y e a r 1971, 722 p r o g r a m p a c k a g e s w e r e d i s t r i b u t e d by 
the Cen t e r to AEC c o n t r a c t o r s , u n i v e r s i t i e s , na t iona l l a b o r a t o r i e s , pub l i c 
u t i l i t i e s , and individuals with a p r o f e s s i o n a l i n t e r e s t in n u c l e a r - e n e r g y 
c o m p u t e r p r o g r a m s . 

D. Acqu i s i t i on of N u c l e a r Data 

1. Burnup Ana lys i s and F i s s i o n Yie lds for F a s t R e a c t o r s (02-083) 

a. Deve lopment of Ana ly t i ca l P r o c e d u r e s for F i s s i o n - p r o d u c t -
burnup M o n i t o r s . C. E. C r o u t h a m e l and R. P . L a r s o n 
(Las t r e p o r t e d : A N L - 7 6 5 5 , p. 98) 

An X - r a y s p e c t r o m e t r i c me thod is be ing deve loped for the d e 
t e r m i n a t i o n of the five p r inc ipa l r a r e - e a r t h f i s s ion p r o d u c t s : l a n t h a n u m , 
c e r i u m , p r a s e o d y m i u m , neodymium, and s a m a r i u m . In the p r o c e d u r e , 
t e r b i u m (a r a r e e a r t h not p roduced in f i ss ion) is added to the s a m p l e as an 
i n t e rna l s t a n d a r d ; the r a r e e a r t h s a r e then s e p a r a t e d f rom i n t e r f e r e n c e s , 
e l e c t r o p l a t e d on a l u m i n u m , and a s s a y e d X - r a y s p e c t r o m e t r i c a l l y . The 
m e a s u r e d l ine i n t ens i t i e s a r e c o r r e c t e d for i n t e r e l e m e n t a l ef fects by m e a n s 
of a c o m p u t e r p r o g r a m , and the amount of each r a r e e a r t h is c a l c u l a t e d 
f rom the r a r e - e a r t h - t o - t e r b i u m l i n e - i n t e n s i t y r a t i o s . W o r k on the d e v e l 
opment of th is me thod , which had been d e f e r r e d to devo te m o r e effort to 
f i s s ion -y ie ld e x p e r i m e n t s conducted in Z P R - 3 (see A N L - 7 6 7 9 , p. 112), h a s 
now been r e s u m e d . 

Eva lua t ions of the r a r e - e a r t h X - r a y me thod p e r f o r m e d wi th 
s t a n d a r d r a r e - e a r t h m i x t u r e s w e r e p r e v i o u s l y r e p o r t e d (ANL-7618 , p . 91). 
In those t e s t s , when the ac id solut ion of a r a r e - e a r t h m i x t u r e was con
v e r t e d to a d imethy lsu l fox ide so lu t ion and e l e c t r o p l a t e d , the r e c o v e r y of 
the individual r a r e e a r t h s was quan t i t a t i ve , and the p r e c i s i o n of the m e a s 
u r e m e n t s for neodymium (the p r inc ipa l r a r e - e a r t h f i s s ion p r o d u c t ) was 
good (±1%). However , the p r e c i s i o n s of the l a n t h a n u m , c e r i u m , and p r a 
s e o d y m i u m m e a s u r e m e n t s w e r e +4, +7, and ±5%, r e s p e c t i v e l y . When the 
r a r e e a r t h s w e r e s e p a r a t e d f rom a syn the t i c fuel ( u r a n i u m plus inac t ive 
f i s s ion p r o d u c t s equiva lent to 1% b u r n u p ) , the r e c o v e r y of n e o d y m i u m was 
again quant i ta t ive and the p r e c i s i o n good (±1.6%), but the r e c o v e r i e s of 
l an thanum, c e r i u m , and p r a s e o d y m i u m w e r e each ~6% low, and the p r e c i 
s ions w e r e ±3 , ±7, and ±3%, r e s p e c t i v e l y . 

It has now been e s t a b l i s h e d tha t the p r i m a r y r e a s o n for the low 
r e c o v e r i e s and poor p r e c i s i o n in the l a n t h a n u m , c e r i u m , and p r a s e o d y m i u m 
m e a s u r e m e n t s has been a v a r i a t i o n in b a c k g r o u n d r a d i a t i o n . The amoun t of 
cont inuum rad i a t i on f rom the tungs ten X - r a y tube , which is s c a t t e r e d f r o m 
the a luminum p la te , v a r i e s f rom pla te to p l a t e . The c e r i u m m e a s u r e m e n t s 
a r e a lso affected by the s c a t t e r i n g of c h a r a c t e r i s t i c r a d i a t i o n f rom the 
tungs ten tube. (The s e c o n d - o r d e r r e f l ec t i on of the WLn and the f i r s t - o r d e r 
re f lec t ion of the CeL^^j o c c u r at the s a m e 26 angle of the d i s p e r s i o n c r y s t a l . ) 
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The lat ter problem resulted in the poorer precision for cerium than 
for any of the other r a re earths. 

An improved method has been devised for calculating the nec
essa ry corrections for background radiations and has been incorporated 
into the procedure. The resulting improvement in precision is demon
strated by the data given in Table VII.9. 

TABLE VII.9. Evaluation of the X-ray Spectrometric Analysis for a 
Standard Rare-earth Mixture and a Synthetic Fuel Sample 

% Found 
Rare Ear 

La 

Ce 

Pr 

Nd 

Sm 

Total 

rth Amount, yg 

13.00 

28.79 

11.46 

39.86 

7.25 

100.36 

Rare Earths ( 

98.411.5 

98.9±1.0 

99.1±2.0 

100.811.0 

10013 

99.611.2 

Synthetic Sample 

97.210.4 

98.8+1.5 

93.310.8 

100.711.2 

9814 

98.410.3 

The sample containing inactive rare earths only was electroplated 
directly and was not carried through the separation procedure. 

The synthetic sample was an inactive mixture of uranium and fission 
products equivalent to an irradiated solution having a burnup of 1°A; 
th is sample was carried through the entire procedure. 

The data in Table VII.9 indicate that the praseodymium (and 
therefore the total rare earths) recovery is low on the synthetic irradiated 
sample. It is postulated that this is due to the cesium content of the sam
ple. Cesium is not separated from the r a re earths in the separation pro
cedure and is partially electroplated. Since the energy of the character is t ic 
emission X ray of praseodymium, L^̂ , is only 0.02 keV higher than one of 
the character is t ic absorption edges of cesium, Lii;iab> the probability of 
absorption of the PrK(x by CsLfff^b ^^ very high. If tests show that the 
presence of cesium is affecting the praseodymium measurements , the 
procedure can be readily modified to provide a separation of cesium from 
the r a re ear ths . 
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VIII. REACTOR SAFETY 

A. Accident Analysis and Safety Evaluation. 
G. J. Fischer (02-112) 

1. Analysis of Fuel Behavior. M. G. Stevenson 

a. Analysis of Fuel Behavior up to Gross Cladding Failure (Last 
reported: ANL-7765, p. 90) 

The new deformation module (DEFORM-Il) has been incorpo
rated into SAS2A and is being tested extensively. A test case is reported 
here. The problem is the transient response of a sixth-row fuel pin in 
F F T F subjected to a $30/sec ramp reactivity insertion after about 30 sec 
of flow coastdown. The power trace is shown in Fig. VIII.l. The initial pin 
power is 19.12 kW, or 7.89 kw/ft at the midplane. The flow is 30% of the 
nominal value. The pin is assumed to be fresh, and a radial gap of 3 mils 
is assumed between fuel and cladding. As shown in Fig. VIII.2, the large 
temperature drop across the cladding produces a considerable thermal 
s t ress up to the time t^ - 55 msec , when the gap closes at the midplane, 
loading the cladding through a high contact p ressure (Fig. VIII.l). The 
cladding now yields plastically, giving a rapid increase in the equivalent 
strain at the outer surface (Fig. VIII.2). Thereafter, the equivalent s t ress 
at the outer surface is held to the yield strength. At tj-^ - 60 msec , melting 
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Fig. VIII.2. Tempeiatures, Stress, Strain, and Gap Width during Transient. Stress 
and strain are for cladding outer surface at the core midplane. 

s t a r t s a round the m i d p l a n e . The high p r e s s u r e of the m e l t i n g b o u n d a r y 
(F ig . VIII . l ) fu r the r a c c e l e r a t e s the i n c r e a s e of p l a s t i c f low, which in t u r n 
r e l i e v e s somewha t the m e l t i n g - b o u n d a r y p r e s s u r e in the fuel . 

A s e r i e s of t e s t s , including a n a l y s e s of T R E A T s h o t s , is be ing 
planned to conf i rm fur the r the p r o p e r funct ioning of D E F O R M - I I . 

b . Ana lys i s of Fue l Motion af ter L o s s of I n t e g r i t y of P i n s 
("Slumping") ( N o t p r e v i o u s l y r e p o r t e d ) 

One p r e r e q u i s i t e for the a n a l y s i s of the F F T F f l o w - c o a s t d o w n 
acc iden t without s c r a m is a m o d e l for fue l -p in b e h a v i o r a f t e r the c ladding 
begins to m e l t . P r o g r e s s in m o d e l d e v e l o p m e n t has been m a d e in two 
a r e a s : ( l) the inves t iga t ion of v a r i o u s m e c h a n i s m s tha t m i g h t a c c e l e r a t e 
or inhibit fuel s l u m p i n g , and (2) the f o r m u l a t i o n of a m a t h e m a t i c a l r e p r e 
senta t ion of fuel mo t ion . The inves t i ga t ion of s l u m p i n g m e c h a n i s m s has 
ind ica ted : (a) i r r a d i a t e d fuel can be a s s u m e d to m a i n t a i n an i n t a c t g e o m e 
t r y unti l fuel me l t i ng begins [ R . R . S t e w a r t et a l . , S tud ies of F a s t R e a c t o r 
F u e l E l e m e n t Behav io r Under T r a n s i e n t Hea t ing to F a i l u r e : III. I n - p i l e 
E x p e r i m e n t s on I r r a d i a t e d UO; F u e l P i n s in the A b s e n c e of Coo lan t , 
ANL-7552 (Mar 1969)J, (b) compac t i on due to v i s c o u s flow ( c r e e p ) f r o m the 
p l enum sp r ing fo rce or r e m a i n i n g p l e n u m f i s s ion gas a p p a r e n t l y is s m a l l 
up to the fuel me l t ing point (ANL-7825 , pp. 5 .16 -5 .18 ) , and (c) s ign i f i can t 
fuel expans ion due to f i s s i o n - p r o d u c t g a s e s could o c c u r dur ing fuel h e a t u p 
af ter the cladding m e l t s ( R . B . P o e p p e l , A N L , p r i v a t e c o m m u n i c a t i o n , 1971) 

M a t h e m a t i c a l m o d e l i n g has been d iv ided into two p h a s e s : 
(1) fuel behav io r af ter l o s s of c ladding s t r u c t u r a l s u p p o r t and be fo re fuel 
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melting, and (2) fuel motion after melting. Phase 1 is being modeled by 
depicting fuel as consisting of two mechanically different regions (the 
columnar-grain-growth and unrestructured zones) connected by a "stick" 
boundary condition. This picture should be useful for representing any 
axial compaction from radially symmetric forces. Various ideas are being 
pursued for fuel motion after initiation of fuel melting. In the most prom
ising approach, slumping is limited by the extent that molten fuel can flow 
down the subassembly flow channels. Here the available flow area is de
termined from est imates of fuel swelling. The presence of large incoher
ence in the voiding pattern of the F F T F equilibrium core suggests that 
adequate time for development of an antislumping fuel-frothing mode is 
possible, and the severity of the accident might be reduced. 

B. Coolant Dynamics. H. K. Fauske 
(02-114 and -614) 

1. Liquid-Vapor Dynamics. M. A. Grolmes and H. K. Fauske (Last 
reported: ANL-7825, p. 8.8) 

a. Liquid-film Thickness Cri ter ia 

Film-thickness or liquid-fraction data have been obtained for 
transient voiding in a 19-pin test section, a 7-pin section with and without 
wire wrap, and an annulus also with and without wire wrap. For these 
data, taken with air and water in t ransparent glass sections, the accelera
tion of the liquid remained constant while the velocity continuously in
creased for each event. For these data, the film thickness is clearly a 
function of both the gas velocity U and acceleration A. The data suggest 
a variation of liquid fraction with (U/A) . The data also i l lustrate the 
effect of the wire wrap in increasing the amount of liquid left behind in the 
test section. Data for the 7- and 19-pin sections appear quite similar to 
the data obtained in the single-pin annulus, except that the difference be
tween wrapped and unwrapped sections is not as large. This suggests that 
larger bundles would not show marked differences in liquid fraction from 
that already obtained. 

Fur the rmore , visual observations indicated that, for voiding in 
multiple-pin geometries with or without wire wrap, it is more appropriate 
to describe the liquid left behind in te rms of a liquid fraction rather than a 
uniformly distributed film thickness. 

For voiding under conditions for which acceleration is impor
tant, calculations might well be s tar ted with an initial liquid fraction of 
0.15 to 0.2, then with it varying with (U/A)"'^ as voiding p rogresses . This 
provides an initial film thickness or liquid fraction from which to estimate 
cladding-surface dryout. 



2. M a t h e m a t i c a l Models of Voiding and R e e n t r y . H. K. F a u s k e ( L a s t r e -
p o r t e d : A N L - 7 8 3 3 , p . 8.4) 

a. Models of Expu l s ion and R e e n t r y 

In a n a l y s i s of s o d i u m voiding r e s u l t i n g f r o m a l o s s - o f - f l o w a c 
c iden t , the behav io r of the l iquid f i lm left beh ind on the fuel p ins i s of c o n 
s i d e r a b l e i m p o r t a n c e . The d ryou t of th i s l iqu id f i lm is l ike ly to l e a d to 
i m m e d i a t e c ladding f a i l u r e . C u r r e n t voiding m o d e l s a r e g e n e r a l l y b a s e d 
on the s lug-f low r e g i m e (one or s e v e r a l l a r g e bubb les ) and t h e r e f o r e do no t 
c o n s i d e r the poss ib i l i ty of induced mo t ion in the l iquid f i lm a d h e r i n g to the 
fuel p i n s . Consequen t ly , the t i m e for d ryou t of th i s l iqu id f i lm is s i m p l y 
b a s e d on the r a t e of r a d i a l l iquid t r a n s p o r t , W^^j. = q A j ^ h f g , f r o m a s t a 
t i ona ry f i lm as a r e s u l t of e v a p o r a t i o n , w h e r e Aj..j i s the h e a t e d a r e a and 
Hf„ is the l a ten t hea t of v a p o r i z a t i o n . F o r typ ica l L M F B R cond i t i ons and 
an in i t i a l l iquid f rac t ion of 0 . 1 5 - 0 . 2 , th is r e s u l t s in d r y o u t 0 . 2 - 0 . 3 s e c a f t e r 
loca l voiding. T h e r e f o r e , a s tudy w a s i n i t i a t ed to e x a m i n e the effect of 
ax ia l l iquid t r a n s p o r t as a r e s u l t of induced m o t i o n in the l iqu id f i lm c a u s e d 
by vapor d r a g . 

The s impl i f i ed phys i ca l m o d e l in F i g . VIII.3 shows the l i q u i d -
f i lm p a t t e r n i m m e d i a t e l y following the onse t of f looding, which o c c u r s when 

the loca l vapo r flux e x c e e d s the c r i t i c a l v e l o c i t y 

> P'e [gD(p^ - Pg)] 1/2 
(1) 

Liquid film 

w h e r e Ug is the gas v e l o c i t y , Pg is the gas 
d e n s i t y , D is the equ iva l en t d i a m e t e r , and p£ 
i s the l iquid d e n s i t y . The flooding r e s u l t s f r o m 
a sudden i n s t ab i l i t y and f o r m a t i o n of w a v e s in 
the f i lm s e v e r a l t i m e s i ts own t h i c k n e s s in 
a m p l i t u d e . Th i s r e s u l t s in a l a r g e i n c r e a s e in 
the p r e s s u r e g r a d i e n t and induced m o t i o n in 
the l iquid f i lm. F o r t yp i ca l L M F B R c o n d i t i o n s , 
the c r i t i c a l flooding ve loc i t y is about 30 f t / s e c . 
A s i m p l e e n e r g y b a l a n c e w r i t t e n for the v a p o r . 

Pgh fgAp ' (2) 

Fig. VIII.3 

Simplified Dryout Model fol
lowing Onset of Flooding 

w h e r e A p is the flow a r e a , i n d i c a t e s tha t th i s 
ve loc i ty can be e x c e e d e d loca l ly r e l a t i v e l y 
e a r l y in the voiding p r o c e s s . As a r e s u l t of 

the ax ia l v a p o r - v e l o c i t y g r a d i e n t ex i s t ing a t the t i m e of f looding, the i n 
duced mot ion in the l iquid f i lm is nonun i fo rm and t h e r e f o r e g ive s r i s e to a 
net ax ia l t r a n s p o r t of m a s s loca l ly in the l iqu id f i lm . Wo , , a s shown in 
F ig . VIII .3. 
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An approximate est imate of W^_^ can be obtained by assuming 
quasi-steady incompressible flow, neglecting gravity, and specifying the 
constitutive equations describing the increased wall and interface shear 
s t r e s ses following the onset of flooding: 

dp 4 
Momentum of both phases: + — T ^ = 0; (3) 

dz D 

Momentum of vapor phase: a + T; = 0; (4) 

^ dz D ' 

Wall shear s t r e s s : r^ = ^CfP^u| ; (5) 

Interface shear s t ress : TĴ  = ;|Cg[l + 75(1 - a)] p„Ug; (6) 
where P is the p re s su re , u^ is the liquid velocity, Cj- is the liquid friction 
factor, and Cg is the gas friction factor. Solution of these equations, to
gether with Eq. 3 for LMFBR conditions and an initial liquid fraction of 
0.15, leads to the following conclusions: (l) The rate of axial mass t rans
port, W^^^, can be at least an order of magnitude larger than the radial 
mass t ranspor t , W|_j.; (2) local dryout spots might, therefore, occur as 
early as 20-30 msec after local voiding; and (3) current voiding models 
should be extended to include two-phase wavy annular flow between the 
liquid slugs. 

C. Fuel Dynamics Studies in TREAT. 
C. E. Dickerman (02-117) 

1. Transient In-pile Tests of Ceramic Fuel. C. E. Dickerman (Last r e -
ported: ANL-7783, p. 101) 

a. Effects of Release of Small Amount of Molten Fuel from 
Seven-pin Cluster of Fresh Fuel with Local Melting (Test Dl) 

Test Dl , performed at TREAT on June 22, used a seven-pin 
cluster of prototypal F F T F fuel pins with graded enrichments of UOj fuel. 
The central pin contained 1.5 in. of fully enriched pellets , yielding heat 
generation about 2.03 times that in the balance of the pin. The objective of 
the experiment was to produce local melting in the "hot" section with 
m o r e - o r - l e s s normal conditions in the other parts of the cluster , so that 
the effects of re lease of a small quantity of molten fuel could be studied. 
Power levels for this first tes t of the ser ies were specified to produce a 
linear power rating of 14.6 kw/ft in the "normal" part of the central pin, 
or about 256 W/g of fuel. The corresponding value in the "hot" section is 
520 w / g . A steady reactor power was to be maintained for about 11 sec, 
so that conditions close to steady state would be attained in the pins. 
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During performance of t r ia l transients in preparation for 
Test Dl , evidence was obtained of an increase in the sample 's power cal i 
bration factor during a transient of about 100 MW-sec. The specified 
powers were adjusted to reflect this apparent increase . Our prel iminary 
estimate is that both the energy release and the average power during the 
12.6-sec-long constant-power portion of the transient were within about 
5% of the sipecified values. 

Preliminary estimates based on pretes t SASIA-ASH calcula
tions indicate that approximately 30% area melting occurred during the 
constant-power portion of the reactor power transient , with peak fuel tem
peratures sufficiently high that some fuel vaporization appears probable. 
Due to the apparent increase in calibriition factor, the sample power would 
increase during the transient, leading to increasing amounts of melting as 
the transient progressed. 

No flow or pressure anomalies were observed during the test , 
so pin failure apparently did not occur. 

2. Experiment Support. M. B. Rodin (Last reported: ANL-7833, p. 8.22) 

a. Procurement of Mark-IIA Loops for In-pile Tests 

All six Mark-IIA sodium integral TREAT loops from FY 1970 
stocks have been completed. The fabrication records for the last two loops 
(5A and 6A) are being completed. The closure flange, the main closure 
clamps, and the rest of the components are being fabricated. All compo
nents required to assemble the three ALIP units (for A5, A6, and prototype 
loops) have been manufactured, and the stator for the A6 ALIP unit has been 
completed. The coil weldments and magnet assemblies have been completed. 

Production planning for the manufacture of additional Mark-IIA 
loops has been completed. Material has been received and is being ex
amined and analyzed for compliance with the mater ia l specifications. 

b. Procurement of Stretched Mark-IIC Loops for In-pile Tests 

The detailed design of the Mark-IIC loop is proceeding. Stress 
analyses are under way. The design will comply with applicable RDT stand
ards for a Class-A nuclear vessel . 

Both Mark-II-loop TREAT-type shipping casks have been r e 
ceived. The fabrication records for both casks have been completed. 

The Mark-II loop containing the E3 test section has been r e 
turned from Idaho to Illinois for posttest examination. The shipment was 
made in the Yankee Single-element Cask using an inner container specially 
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designed for the Mark-II loop. Due to the great weight of the Yankee cask, 
the loop was moved from TREAT to TAN in an intrasite shipping container, 
then t ransfer red to the Yankee cask there. The test section will be re 
moved from the loop in the CP-5 cave. 

The new uranium-shielded casks for Mark-II loops are avail
able for on-site use while final audits are under way on their construction, 
and the loop will be t ransfer red to one of these casks so that the Yankee 
cask can be released for other use. Because the uranium casks a re light 
enough to be moved into the CP-5 building, the possibility of moving the 
loop into the cave without using the transfer cask is being investigated. 

3. Analytical Support. A. B. Rothman (Last reported: ANL-7783, p. 104) 

Data and analyses available from fuel-dynamics Tests E l , E2, H2, 
E3 , and E4 have been evaluated to provide preliminary modeling informa
tion on internal and external fuel motion arising from severe transient-
overpower conditions. These tests together provide the first picture of 
LMFBR oxide-fuel behavior under transient overpower in a flow-channel 
environment provided by TREAT loops. One test (E3) used three irradiated 
oxide pins with fuel-stack lengths of about 14.5 cm. The other tests used 
single fresh oxide pins with fuel lengths comparable to the core length of 
EBR-II. The tests include the important feature that, even for FTR 
reactivity-input calculations exceeding $5/sec, maximum accident cladding 
temperatures occur at the top of the fuel because of the axial heat t rans
port by flowing coolant. 

The results tend to support the use of SAS calculations of cladding 
strain up to the onset of melting. Molten fuel can reach the cladding through 
cracks in the solid oxide annulus inside the cladding; for sodium tempera
tures approaching saturation, this mobile molten oxide can melt through 
the cladding, presumably because the molten oxide produces local sodium 
vaporization that leaves the steel uncooled in the region of the molten-oxide 
attack. The available data support calculations predicting cladding failure 
at the top of the fuel, the hottest region of the cladding. Prefailure move
ment of molten fuel upward inside the cladding was observed, despite 
absence of fission-product gases ; fill gas inside the fuel stack and any 
sorbed gas inside the oxide provide the mechanism for movement in this 
case. 

Once failure occurs , the fuel is quite mobile. Despite relatively 
low conversions of thermal energy to kinetic energy, substantially all the 
molten fuel generated up to the time of failure was carr ied away from the 
fuel-stack region; of this, roughly one-third left the test section in E2. 
However, there is a tendency for the unmelted oxide to remain relatively 
in place: for ~30% oxide melting by volume at failure, most of the hollow 
stack remained; at higher melting fractions, extensive crumbling and 
fragmentation would be expected. 



The posttest fragments of once-molten fuel are smal l . The d i s t r i 
butions found from E2 a re somewhat s imilar to those found after out-of-pile 
tests in which molten UO^ was dropped into sodium. The fines of E2 are 
considerably smaller than those found from the TREAT-autoclave Tests S3 
and S4, but are roughly comparable to those from S5 and S6 (ANL-7833, 
p. 8.23). From the appearance of the fines (which were not rounded "shot
like" shapes), it is apparent that the original sizes of this mate r ia l were 
larger and that an unknown amount of fragmentation occurred before the 
final distributions. No evidence was found for entrapment of sodium inside 
hollow oxide spheres. From the extensive dispersal throughout the E2 loop, 
these fines; can be carr ied out of the core . In the event of a power-excursion 
accident leading to general failure and release of molten fuel, the size dis
tribution of particles involved in postaccident heat removal can be est imated 
roughly. Fines not resulting from solidification of molten oxide would 
range in size up to crumbled cylinders or annuli with outer diameters equal 
to the original fuel-pellet diameters (crumbled oxide fragments from s t ruc 
tures like those of H2). Microscopic data a re not yet available on fines 
from irradiated oxide from E3. However, the added phenomenon of fission-
gas bubbles growing in the molten oxide would appear to enhance fragmen
tation. Whether the size distribution is significantly smaller than that of 
E2 depends on the scale of fission-gas bubble-nucleation sites associated 
with transient melting. Results of Test E3 indicate that f iss ion-gas-driven 
oxide mixing with the coolant does promote a more energetic fuel-coolant 
interaction, but not one approaching overall thermodynamic l imi ts . In all 
tes ts , conversion of energy to work on the coolant was low. This ol>serva-
tion might be due partly to the effects of noncondensable gas (fill gas , 
fission-product gas) and transient sodium-vapor condensation. If more 
fuel is used per unit of surface available for condensation, as WOUIQ be 
typical of real LMFBR subassemblies, more energy should be converted, 
particularly if effects of noncoherence in failure and mixing are not con
sidered. However, there is no evidence in the tests discussed here for 
explosive fuel-coolant interactions approaching the thermodynamic limits 
of efficiency. 

This picture of prefailure movements, failure mechanisms and 
modes, and postfailure fuel movement for oxide LMFBR fuel pins is sub
ject to revision as more data are obtained from advanced investigations. 
Some of the particular points that should be noted for the tests summarized 
a re : (l) only one test was on irradiated fuel; the test was specifically de
signed as an early checkpoint to guide planning and analysis of fuel-coolant 
interaction work, and thus did not provide data around the failure threshold 
m real flow-channel geometry with axial temperature gradients; (2) because 
of the pin length, and the relatively modest drop in sample power to the top 
of the fuel stack, potential inhibition of axial fuel movement in a 1-meter-
long fuel stack was not simulated completely; and (3) further, because of 
the short fuel lengths and the fact that no true cluster tests (except for the 
small three-pin-cluster Test E3) had yet been performed, it is possible 
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t h a t g r o s s p o s t f a i l u r e e n t r a p m e n t and m i x i n g of fuel and coo lan t could be 
m o r e ef fec t ive in p r o m o t i n g e n e r g e t i c f ue l - coo l an t i n t e r a c t i o n s than i nd i 
c a t e d in t h e s e t e s t s . 

a. Model ing of M u l t i p l e - p i n B e h a v i o r . J . C. C a r t e r ( L a s t r e 
p o r t e d : A N L - 7 7 7 6 , p . 112, unde r E v a l u a t i o n and D e v e l o p m e n t 
of C l u s t e r - m o d e l Ca lcu la t ion T e c h n i q u e s ) 

Pump side 

An in i t i a l power c a l i b r a t i o n w a s p e r f o r m e d for the L2 e x p e r i 
m e n t . The p h y s i c a l a r r a n g e m e n t of the L2 e x p e r i m e n t is tha t of an a s s e m 

bly of s e v e n p i n s , e a c h r e p r e s e n t i n g the 
top 34.44 c m of an F T R - t y p e pin. The 
s e v e n - p i n a s s e m b l y is in the t e s t s ec t i on 
of a M a r k - I I loop . The loop is loca ted 
in the long i tud ina l c e n t e r l i n e of the 
T R E A T c o r e ; the p r e s s u r e she l l of the 
M a r k - I I loop is s u r r o u n d e d by a B^Si 
f i l t e r . 

The c a l i b r a t i o n f ac to r was m e a s 
u r e d by m e a n s of e n r i c h e d foils loca ted on 
the s u r f a c e of the p ins and r a d i o c h e m i 
ca l a n a l y s e s of oxide of oxide p e l l e t s f rom 
pins L - 2 - 1 and L - 2 - 2 ( see F i g . VIII .4). 
Before m e a s u r e m e n t s of the c a l i b r a t i o n 
f a c t o r , e s t i m a t e s w e r e m a d e us ing the 
SNARG code , wh ich is b a s e d on two-
d i m e n s i o n a l t r a n s p o r t t h e o r y and the 
A r g o n n e c r o s s - s e c t i o n se t 2 0 1 . The e s 
t i m a t e s w e r e m a d e in both R - Z and X-Y 

g e o m e t r i e s . T a b l e VIII . l c o m p a r e s the e s t i m a t e s and m e a s u r e d v a l u e s , 
a v e r a g e d o v e r the c r o s s s ec t i on of ind iv idua l fuel p i n s , and ove r the a s 
s e m b l y of s e v e n p i n s . 

Fig. VIII.4. Locationof Foils for L2 Calibra
tion. Midplane sectional view, 
from top of holder looking down. 

TABLE VIII.l. L2 Power Calibration Facto 

Fuel-pin Location 
(Fig. VIII.4) 

Calibration Factor, 
(j/g)/MW-sec 

R - Z 

1.48 
89 
89 
89 
89 
89 
89 

X - Y 

1.39 
1.69 
1.76 
1.64 
1.76 
1.69 
1.76 

M easu red 

1.36 
1.48 
1.85 
1.96 
1.94 
1.86 
1.65 

2 
3 
4 
5 
6 
7 

Average calibration factors for 
the seven-pin assembly 1.68 i.ll 
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In the R-Z est imate, the ring of six pins was t ransformed to a 
cylinder with approximately the same volume and surface as six fuel pins 
34.44 cm long. In the X-Y est imate, the fuel pins were t ransformed into 
a r rays of rectangular fuel pins. This transformation also preserved the 
anisotropy of material content and approximately the same surface a r ea . 
The X-Y estimate was an external source-type calculation with fine mesh 
in the test section. In both es t imates , the nonsymmetry of the Mark-II loop 
and its pump was not taken into account. 

On the basis of this initial calibration, it was decided that the 
value of the power calibration using this hexaboron silicide (B(,Si) fil ter, 
with some further modifications for axial power shaping, would be adequate 
for the H3 experiment, but not for L2. Arrangements have been made to 
schedule another calibration for L2 using a dysprosium filter around the 
circumference of the loop, but only at the top and bottom of the fuel column, 
to eliminate power peaking there. 

b. TREAT Test Analyses. L. W. Deitrich (Last reported: 
ANL-7783, p. 105, under Analysis of Transient In-pile 
Experiments) 

An important quantity derivable from the resul ts of Mark-II-
loop experiments is the work done on the sodium coolant by a gas-vapor 
bubble expanding in the test section due to release of hot fuel into the 
coolant. Evaluation of this quantity requires consideration of the hydro
dynamics of flow in the loop and the effects of the loop geometry on coolant 
motion. 

Because the Mark-II loop has only a small plenum above the 
sodium level and all parts of the loop are directly coupled to the other 
par t s , a complete calculation of coolant motion in each part of the loop is 
necessary for a proper estimate of the work done on the coolant. Fur the r 
more , the flow paths in the loop are sufficiently constricted that appre
ciable energy can be dissipated in fluid friction and losses due to area 
change during the expulsion. This energy would otherwise show up, for 
example, as coolant kinetic energy. Prel iminary resul t s , not including 
fluid-friction effects, were reported previously (ANL-7783, pp. 105-106). 

Because the vapor bubble is assumed to grow in the test sec 
tion, it is convenient to divide the loop into three sections or legs. The 
upper leg includes that portion of the flow path above the point of failure 
and below the junction of the upper bend and the test-sect ion extension. 
The lower leg includes that portion of the flow path from the junction 
through the upper bend, the pump, thg lower bend, and the test section be
low the point of failure. The third, or common, leg includes that portion 
of the flow path above the junction in the test-sect ion extension. If the flow 
is assumed to be one-dimensional, continuous, and isothermal , the flow in 
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the u p p e r leg can be d e t e r m i n e d f r o m the u p p e r - f l o w m e t e r r e a d i n g s , and 
tha t in the l o w e r leg can be d e t e r m i n e d f r o m the l o w e r - f l o w m e t e r r e a d i n g s . 
The flow in the c o m m o n leg is the d i f fe rence of the two. 

The b a s i c equa t i ons app l i ed to c a l c u l a t i o n of the work done in 
s lug e j ec t i on a r e 

Sv fbp , pv^ 5 v \ 
(1) 

a n d 

^ ( v A ) 
ox d x (2) 

w h e r e p is fluid d e n s i t y , p i s p r e s s u r e , v is v e l o c i t y , A is flow a r e a , 
D^ is h y d r a u l i c d i a m e t e r , x is the s p a c e c o o r d i n a t e in the d i r e c t i o n of 
f low, t is t i m e , and g is the a c c e l e r a t i o n of g r a v i t y . T h e s e a r e the 
i n c o m p r e s s i b l e - f l o w m o m e n t u m and cont inu i ty e q u a t i o n s . I n t e g r a t i o n of 
the m o m e n t u m equat ion wi th r e s p e c t to x and i n t r o d u c t i o n of the vo lume 
flow r a t e Q and a l o s s coeff ic ient K l ead to 

Pr - Pf = -f 1Q|Q 
•^ X . 

-i f dx 
D T A ^ L ^ A A^ 2 Af 

d x 
— + p g ( x f - X y ) , (3) 

which r e l a t e s the p r e s s u r e a t the f ront and r e a r of a s lug moving th rough 
the flow pa th to the m e a s u r e d coo lan t flow r a t e s and g e o m e t r i c a l p a r a m e 
t e r s . P r e s e n c e of the p u m p in the l o w e r leg r e s u l t s in addi t ion of a t e r m 
( - ^ P p u m p ) to Eq . 3 . 

Equa t ion 3 is app l i ed to both the uppe r and l o w e r l egs to find the 
p r e s s u r e a t the i n t e r f a c e be tween the l iquid coo lan t and v a p o r . The w o r k 
done a t e a c h i n t e r f a c e is found by m u l t i p l y i n g the i n t e r f a c e p r e s s u r e by the 
flow in the leg and i n t e g r a t i n g wi th r e s p e c t to t i m e . The t e r m s involving 
the p r e s s u r e a t the j unc t i on a r e e l i m i n a t e d f r o m the r e s u l t i n g e x p r e s s i o n s 
by app ly ing E q . 3 to the c o m m o n l e g , and r e l a t i n g the p r e s s u r e s a t the 
j u n c t i o n by B e r n o u l l i ' s equa t ion . T h u s , e n e r g y t e r m s r e l a t e d to the c o m m o n 
leg a r e i nc luded . The b o u n d a r y condi t ion app l i ed to the f ront of the c o m m o n -
leg s o d i u m s lug is that the p r e s s u r e m u s t equa l the g a s p r e s s u r e in the 
p l e n u m . The laws of a d i a b a t i c c o m p r e s s i o n of a p e r f e c t gas a r e app l i ed to 
find the w o r k done a t th i s i n t e r f a c e . F i n a l l y , one s e e s tha t the to ta l w o r k 
done by the expanding gas bubble on the coo lan t in a t i m e i n t e r v a l At is the 
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sum of (l) the increase in coolant kinetic energy during At, (2) the work 
done in compression of the loop plenum gas during At, (3) the net work 
done against the pump in moving coolant backward through it, (4) the increase 
in potential energy of elevation, and (5) energy dissipated in friction and area-
change losses . 

Because not only the coolant flow rates but also the location of 
liquid-vapor interfaces a re changing with t ime, it is necessa ry to use a 
computer code to do the actual calculations. It is especially difficult to ac 
count for the frictional dissipation of energy in a hand calculation. Briefly, 
the code performs as follows: Each leg is subdivided into sections of con
stant flow area and hydraulic diameter , each having a loss coefficient due 
to area change applied at the inlet. Initial gas volume and p re s su re and 
sodium volumes are supplied. The flow rates measured at both flowmeters 
are supplied pointwise as a function of t ime. It is assumed that flow varies 
linearly with time between data points. The flow rates a re integrated to 
determine the void volume as a function of t ime. Then the t imes at which 
the vapor-liquid interfaces are coincident with the boundaries of geometr i 
cal subdivisions are determined. This determination is necessary to avoid 
carrying out time integration over discontinuities in the values of the spa
tial integrals in the kinetic-energy and friction te rms in Eq. 3. 

Movement of the sodium slugs within the flow passages is a c 
counted for by calculating the fraction of each section filled with sodium at 
each instant of time. The fill fraction for each section is applied to its 
length when the integrals with respect to x are calculated. Next, the rates 
of energy dissipation due to friction, area change, elevation change, and 
pump work are calculated. The coolant kinetic energy and the work done on 
the plenum gas are calculated. Then, the rates a re integrated with respect 
to t ime, with variations of the values of spatial integrals accounted for 
analytically in the time-integration routines. Finally, the work done on 
the plenum gas, the coolant kinetic energy, and the values obtained from 
time integration of the rates of energy dissipation are summed to find the 
work done on the liquid from the beginning of voiding to the time under 
consideration. 

The method had been applied to three Mark-II-loop power-burs t 
experiments. These experiments (E2, E3, and H2) all resulted in some de
gree of slug expulsion from the test section. 

Experiment E2 was a high-specif ic-energy-release test using 
one 0.290-in.-OD pin containing fresh UOj fuel as the central pin in a 
seven-pin cluster. The other six pins were gas-filled cladding tubes con
taining no fuel. Pin failure occurred at an energy re lease of about 1900 j / g 
of fuel The total energy release in the transient was specified to be about 
2600 J /g . At the time of failure, the beginning of rapid coolant ejection 
from the test section was noted, with the outlet flow (that in the upper leg) 
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increasing from about UOO cmYsec to a maximum of about 3600 cmVsec , 
and the inlet flow (that in the lower leg) reversing, with values as high as 
about -1100 cmYsec . The work done on the coolant by the expanding bubble 
in the test section increased from zero at failure to approximately 100 J in 
about 135 msec . The most rapid rate of energy transfer occurred during 
the first 60 msec of the expulsion, after which a considerable reduction in 
the rate of energy transfer occurred. During the initial 60 msec , the rate 
of energy transfer from the vapor bubble to the coolant was about 1400 W. 

Experiment E3 was a high-specif ic-energy-release transient 
test on three pre i r radia ted UOj fuel pins of 0.174-in. OD. The pins had 
been i r radia ted to a nominal 6% burnup in a thermal-neutron flux. It was 
intended that the specific energy release in this experiment would be com
parable to that of Test E2. Pin failure occurred at an average energy r e 
lease of 710 j / g , with 810 j / g release in the hottest pin of the three. 
Contrary to the results of Test E2, failure occurred before the peak of the 
transient rather than near the end of the power burst . 

Pin failure resulted in rapid expulsion of sodium out both ends 
of the test section with flow rates as high as 7700 and -2050 c m y s e c r e 
corded at the outlet and inlet flowmeters, respectively. The work done by 
the expanding gas bubble on the coolant r ises rapidly to about 200 J at a 
nearly constant rate of about 6000 W. Some uncertainty exists in the r e 
sults after an elapsed time of about 34 msec , since integration of the flow 
rate at the outlet indicates voiding of sodium past the upper flowmeter. 
After this t ime, a flow-time curve was constructed by assuming that r e 
entry of the slug past the upper flowmeter occurred at the time at which 
the initial negative flow was indicated by the flowmeter. Then a smoothed 
curve of integrated flow against time was used to construct an estimated 
flow-time curve for the period during which the upper flowmeter was 
voided. 

Experiment H2 was a failure-threshold experiment on a single 
fresh mixed-oxide PNL-17 type fuel pin, of 0.230-in. OD. The transient 
was specified to attempt to produce pin failure at or near the end of the 
transient , so that large amounts of energy would not be released following 
failure. The energy input at pin failure was about 1220 j / g , about 84% of 
the total energy re lease during the transient. Expulsion of coolant from 
the test section was less vigorous in this case than in the preceding cases , 
and the work done on the coolant by the expanding bubble was small . A 
total of about 8.3 J is calculated at about 70 msec after beginning of ex
pulsion. The maximum rate of energy transfer was about 500 W. 

Selected results of the calculations are summarized in 
Table VIII.2, which is an update of the data in ANL-7783. Note that the 
energy dissipated in friction, a rea change, and the potential energy change 
due to elevation a re included here and are not included in ANL-7783. Also, 



.14 

some adjustments have been made in the time during the t ransient at which 
results are quoted and in treatment of the pressure-f low curve of the pump. 
Fur ther , an e r ror made m calculation of the void volume for H2 has been 
corrected. 

TABLE VIII.2. Typical Energy Conversion in Mark-II-loop Experiments 

Experiment 

E2 H2 
Geometry 

E3 

Coolant kinetic-

energy increase, J 

Work done on plenum gas 

Work done against purop. 

J 

J 

Energy dissipated in friction 
and minor losses, J 

Energy of elevation, J 

Work done 
on coolant, J 

Fission-energy input 
to time, J 

Work/fission-energy 
to time, % 

1 pin plus 
6 dummy pins 

Neg. 

94 

2.2 

6.3 

1.2 

102 

2.1 X 10^ 

0.050 

1 pin 

Neg. 

5 

Neg. 

2.8 

Neg. 

8.3 

9.3 X lO'* 

0.009 

3 pre-
irradiated pins 

5 

106 

2.4 

1.3 

189 

31 X lO"* 

0.355 

Fission-energy input 
at failure, J 

Work/fission-energy 
to failure, 7, 

One sees that the energy dissipated in friction and minor losses 
is much greater in Experiment E3 than in the other cases considered, a l 
though it is proportionately as important in Experiment H2. This resul t is 
due to the high coolant velocities realized in E3, along with the flow-area 
changes resulting from the presence of thermocouple support s t ructures 
in the outlet flow path. 

Energy-conversion efficiency data for the three experiments 
are given in Table VIII.2. Two efficiency figures are calculated. One of 
these is based on the total fission-energy release in the fuel to the time at 
which the work done by the expanding vapor bubble on the coolant is taken. 
The other is based on the total fission-energy release in the fuel only to 
the time of failure. In both calculations, all the fuel initially present in 
the experiment is considered, and the sample power-reactor power cal i 
bration factor is considered constant. 

Test H2 resulted in very little energy conversion, with only 
about 0.01% of the available fission energy at failure converted to work on 
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the coolant. About 0.05-0.06% conversion was realized in Test E2, which 
was intended to produce a more vigorous failure than that of H2. The 
energy conversion in Test E3 was another factor of seven to nine higher 
than that in Test E2, with values of about 0.5% of the fission energy at 
failure appearing as work on the coolant. 

These results indicate that failure of preir radiated pins having 
high internal p re s su re due to fission-product gases produces an energy-
conversion efficiency greater than that resulting from failure of fresh 
pins. Comparison of the results of Experiments E2 and E3 shows that 
failure of the pre i r radia ted pins in E3 produced a much higher rate of 
energy transfer to the coolant than was realized in Test E2, in spite of the 
lower specific-energy input at failure. Although the two experiments 
might not be directly comparable due to different masses of fuel and ge
ometry, the resul ts do suggest that the presence of high-pressure fission-
product gases might promote work-energy transfer from fuel to coolant. 
Not only do the fission-product gases do work in expanding from their 
initial p r e s su re , but their presence intermixed with sodium vapor would 
impede condensation on cold surfaces adjacent to the fuel region. 

c. Hodoscope Development, i i . De Volpi (Last reported: 
ANL-7783, p. 104, under Automated Handling of Hodoscope 
Data) 

Rather surprising but strong evidence from the hodoscope in
dicates early major fuel-pin distortion in the first shot (Transient 1336) of 
the Ll loss-of-coolant se r i e s , the distortion starting at 6.5 ± 0.5 sec with 
an energy input of only 20 ± 5 MW-sec. The onset of this pin move:ment 
(without rupture of cladding) confirms flowmeter indications. To eixpose 
these rather snnall pin distortions (with a resolution of 10 mils or less) , 
additional extensions in hodoscope data-analysis techniques were ne;cessary. 

Thermal-neutron radiographs show that the fuel pin expanded 
and distorted during at least one of the three Ll t ransients , 1336-1338. The 
extent of distortion on the X-Y plane of the radiograph is about 1.5 mm 
(60 mils) at the top and perhaps 1 mm (40 mils) in the opposite direction 
at the bottom. Upward expansion at the top appears to be about 2 mm 
(80 mils) , and about the same at the bottom. 

Because the nominal vert ical resolution of the hodoscope is 
approximately 0.875 in., an upward movement of only 10% of the vertical 
resolution is not likely to be detectable. The horizontal resolution in a 
t ransparent capsule is nominally 150 mi ls ; thus the horizontal movements 
amount to 40% of the design bas i s . Although the fuel pin was enclosed in 
the Mark-II sodium loop, which normally degrades horizontal resolution to 
250 mi l s , the sample was a highly enriched pin run without a thermal-
neutron filter. Hence the signal-to-background ratio was about 15, far 
superior to the usual ratio of 2.5. 
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The r e s o l u t i o n spoken of is a n o m i n a l f i g u r e , b a s e d on d e s i g n 
and t e s t s for the t r a n s p a r e n t c a p s u l e s . The a c t u a l ab i l i ty of the h o d o s c o p e 
to de t ec t fuel mo t ion depends on s o m e f a c t o r s tha t w o r s e n and o t h e r f a c t o r s 
that i m p r o v e de t ec t ab i l i t y . F o r the L l s e r i e s , it a p p e a r s t h a t l a t e r a l m o v e 
m e n t s b e t t e r than 10 m i l s a r e o b s e r v a b l e . T h i s s t a t e m e n t wi l l be s u b s t a n 
t i a t ed by the accompany ing f i g u r e s . 

In i t ia l e x a m i n a t i o n of the data f r o m L l i n d i c a t e d tha t t h e r e w a s 
a l a r g e s p r e a d due to poor s t a t i s t i c s for e a c h da ta po in t . At the peak p o w e r 
of j u s t 22 MW, the expec ted count a c c u m u l a t i o n in the n o m i n a l 1 1 . 5 - m s e c 
counting i n t e r v a l i s only 100 c o u n t s . B e c a u s e the t r a n s i e n t l a s t e d for a l m o s t 
21 s e c , we r e c o r d e d about 8600 f r a m e s of da ta to be s c a n n e d on A L I C E , 
p r o c e s s e d th rough the C D C - 3 6 0 0 , and then u l t i m a t e l y r e n d e r e d into g r a p h i 
ca l f o r m . Our n o r m a l p r o c e d u r e is to s a m p l e the da ta to e v a l u a t e m a j o r 
t r e n d s ; th is e a r l y eva lua t ion did not r e v e a l m a j o r m o v e m e n t s . 

F i g u r e VIII.5 i s a v i s u a l p r e s e n t a t i o n of the da ta t aken w e l l 
a f te r the t r a n s i e n t was in p r o g r e s s . The pin a p p e a r s to be a s s t r a i g h t a s 
it was a t the beginning of the t r a n s i e n t . 

Fig. VIII.5 

Fuel Pin in Transient 1336 before Distortion. Subse
quent cycles do not depict fuel moveinent, because 
the effects are too small for this type of illustration. 

H o w e v e r , f u r the r e x a m i n a t i o n of the da ta j u s t i f i e d a d d i t i o n a l 
effor ts in a n a l y s i s . A c c o r d i n g l y , two new e x t e n s i o n s of our da ta a n a l y s i s 
have been i n c o r p o r a t e d in the p r o g r a m T I M E P L O T , which p r o v i d e s a 
g r a p h i c a l r end i t ion of the a v a i l a b l e da t a . F i r s t , the da ta w e r e i n t e g r a t e d 
f rom the onse t of the t r a n s i e n t to shutdown. The p a r t i a l i n t e g r a l s , f r o m 
z e r o to t i m e t, w e r e p lo t ted a s a funct ion of t; t h e s e p lo t s r e v e a l s i g n i f i 
cant fuel m o t i o n s . O r i g i n a l l y , we w e r e ab le to s t o r e r e s u l t s f r o m only 
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four of the s i x r e e l s of input data onto one r e e l of output da ta ; thus only 
t w o - t h i r d s of the t r a n s i e n t could be s tud ied a t once . B a s e d on the t en t a t ive 
a s s u m p t i o n tha t fuel m o t i o n did not occu r unt i l p a s t the m i d p o i n t of the 
t r a n s i e n t , t h e s e e a r l y r e s u l t s showed m a r k e d fuel d i s t o r t i o n . E v e n t u a l l y , 
the CDC-3600 p r o g r a m was changed and a r r a n g e m e n t s m a d e to p r o c e s s a l l 
s ix r e e l s of input t a p e s . 

To r i d the g r a p h i c a l output of s t a t i s t i c a l f l u c t u a t i o n s , a n o t h e r 
f e a t u r e w a s a d d e d to the p r o g r a m T I M E P L O T , so tha t it is p o s s i b l e to 
a v e r a g e the da ta o v e r p r e s e t i n t e r v a l s and plot t h e s e a v e r a g e s as a func
t ion of t i m e . 

F i g u r e VIII.6 i s a plot of the p o w e r - m o n i t o r r a t e s . Th i s d i s t r i 
bu t ion c l o s e l y r e s e m b l e s T R E A T S A F - 1 da ta , the only d i f fe rence being in 
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Fig. VIII.6. Average Monitor Rate from 10 Channels Insensitive to Fuel Motion in 
the Hodoscope Field of View. This monitor average is proportional to 
the TREAT power. Time resolution is 11.5 msec. 
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the a p p a r e n t depth of the va l l ey c l o s e to 9 s e c . F i g u r e VIII.7 i s a r e p l o t of 
hodoscope m o n i t o r s with the da ta a v e r a g e d ove r 20 i n t e r v a l s (230 m s e c ) . 
Al l the following f igures a r e p lo t t ed wi th a 2 3 0 - m s e c a v e r a g i n g . " H o d o s c o p e 
t i m e " c o r r e s p o n d s to T R E A T t r a n s i e n t - e x p e r i m e n t t i m e . 

6 12 

Hodoscopa Time, sec 

Fig. VIII.7. Average Monitor Rate for Hodoscope Averaged 
over 20 Intervals (230 msec) 

F i g u r e VIII.8 con ta ins the t i m e h i s t o r y of the five a f fec ted 
channe l s in Row 3; th is row is s i t u a t e d above the o r i g i n a l pos i t i on of the 
fuel pin. In the a b s e n c e of m a j o r s o d i u m voiding o r u p w a r d fuel m o v e m e n t , 
l i t t l e change in the o rd ina t e i s e x p e c t e d t h r o u g h the c o u r s e of the t r a n s i e n t . 
The quant i ty R / P is the channe l count r a t e d iv ided by the p o w e r - m o n i t o r 
count r a t e ; this n o r m a l i z a t i o n c a u s e s the r a t i o R / P to be i n d e p e n d e n t of 
r e a c t o r power . 

F i g u r e s VIII .9-VIII . 11 a r e a s a m p l i n g of rows cut t ing a c r o s s 
the fuel pin. The pin ex tends f r o m Rows 4 t h r o u g h 19 (each row hav ing a 
v e r t i c a l r e s o l u t i o n of 0.875 in . ) . The fuel pin was o r i g i n a l l y s i t u a t e d in 
Columns 7 -9 , c e n t e r e d m o s t l y be tween C o l u m n s 8 and 9. H o r i z o n t a l def i 
n i t ion be tween co lumns is 0.15 in . 
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II 14 

Hodoscope Time, sec 

Fig. VIII.8. Power-normalized Count Rates for Five Detectors (Columns 6-10) in 
Row 3, about 1 in. above the Top of the Fuel Pin. This row is used 
for reference purposes in examining data from lower rows. 

Hodoscope T ime , 

Fig. VIII.9. Fuel-pin Motion as Revealed by Varia
tions in the Power-normalized Count 
Rates for the Central Columns in Row 5, 
Which Is about 1 in. below the Top of 
the Pin 

Fig. VIII.IO. Fuel-pin Motion near the Middle 
of the Pin (Row 11) 
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Fig. VIII.ll. Fuel-pin Motion in Row 18, about lin. 
above the Bottom of the Anchored Pin 

F i g u r e VIII.9 shows R o w - 5 
da t a . In c o n t r a s t to F i g . VI I I .8 , o b 
s e r v e the s ign i f i can t v a r i a t i o n s in 
the n o r m a l i z e d r a t e ( R / P ) a s a func 
t ion of t r a n s i e n t t i m e . C h a n n e l s to 
the far r i g h t and left of the pin ( C o l 
u m n s 6 and 10) do not r e g i s t e r v a r 
i a t i o n s , a s they a r e focused m o s t l y 
on the c a p s u l e w a l l s and the s o d i u m 
a n n u l u s . P o s i t i v e v a l u e s of R / P 
i n d i c a t e fuel mov ing into the f ie ld of 
view of a g iven d e t e c t o r . V a r i a t i o n s 
f r o m the b a s e l i n e va lue s t a r t a t about 
6.5 ± 0.5 s e c . T h a t C o l u m n s 7 and 8 
in i t i a l ly r e f l e c t a r i s e in R / P v a l u e , 
and Column 9 a c o r r e s p o n d i n g d e 
c r e a s e , i s i n t e r p r e t e d to m e a n tha t 

the pin has been d i s p l a c e d f rom left to r igh t ( f rom Column 9 t o w a r d Col 
umn 7). The m a x i m u m point of th is in i t i a l m o t i o n o c c u r s a t about 9.5 s e c ; 
th i s i s c o n s i s t e n t with the d e p r e s s i o n in power a s shown in F i g . VIII .6 . 
While dr iv ing ene rgy was d i m i n i s h i n g , the pin a t t e m p t e d to r e v e r t to i t s 
o r i g ina l f o r m ; howeve r , the power input soon r e c o v e r e d , c aus ing f u r t h e r 
c o h e r e n t mo t ions th rough the c o u r s e of the t r a n s i e n t . 

Row 5 is c h a r a c t e r i s t i c of m o v e m e n t s a t the top of the p in . 
Row 11 (Fig . VIII.IO) is r e p r e s e n t a t i v e of the m i d d l e of the p in , and Row 18 
(F ig . V I I I . l l ) of the bo t tom of the pin. B e c a u s e the pin w a s c o n s t r a i n e d 
m e c h a n i c a l l y a t the bo t tom, m u c h l e s s m o v e m e n t was p o s s i b l e . Data f r o m 
al l o the r rows suppo r t s the n a t u r e and t iming of t h e s e pin c o n t o r t i o n s . 

The m o s t i n t e r e s t i n g and s u r p r i s i n g f e a t u r e of th i s f i r s t t r a n -
s i e n t i n t h e L l s e r i e s is the e a r l y onse t of fue l -p in m o v e m e n t . F l o w m e t e r 
data f rom the capsu le i n d i c a t e s loss of flow beginning a t 6 s e c . T h i s is 
fully c o n s i s t e n t with in i t ia l v a r i a t i o n s in pin pos i t i on , as r e v e a l e d in the 
f i g u r e s . Only 20 + 5 M W - s e c was r e a c h e d in T R E A T i n t e g r a t e d power 
when the m o v e m e n t began . 

B e c a u s e the fuel pin is e n c l o s e d in a tube wi th i n s i d e d i a m e t e r 
of 320 m i l s , t h e r e is only 90 m i l s for the m a x i m u n a ex ten t of l a t e r a l m o v e 
m e n t . A c c o r d i n g l y , we can e s t i m a t e the s e n s i t i v i t y of the h o d o s c o p e , in 
th i s c a s e , to be 10 m i l s , or poss ib ly j u s t a few m i l s for l a t e r a l m o t i o n . 
Al though th is is a r e p r e s e n t a t i v e s o d i u m and s t e e l e n v i r o n m e n t for the 
M a r k - I I c a p s u l e , the e n r i c h m e n t of the pin (93%) w a s l a r g e enough to p r o 
vide exce l l en t s i g n a l / b a c k g r o u n d condi t ions (about 15 /1 ) . On the o t h e r h a n d , 
the power ( m a x i m u m 22 MW) is r e l a t i v e l y low, which l e ads to a l o s s of 
t i m e r e s o l u t i o n ; for th is t r a n s i e n t , da ta w e r e r e c o r d e d in 1 2 - m s e c i n c r e 
m e n t s , but the m o s t conven ien t p lot t ing r e s o l u t i o n a p p e a r s to be 230 m s e c . 
T h e r e is no ev idence of any n o n l i n e a r b e h a v i o r on the p a r t of the d e t e c t i o n 
s y s t e m at th is low p o w e r . 
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Examination of hodoscope data from the two other transients 
in this ser ies (1337 and 1338) has been delayed. 

D. Fuel-Coolant Interactions. R. W. Wright (02-164) 

1- In-pile Simulation Tes t s : Expulsion and Reentry. C. E. Miller (Last 
reported: ANL-7776, p. 122) ' 

a. Detailed Design of the R-se r ies Test Vehicle 

An in-pile program is being developed to study the overall 
consequences of coolant expulsion and reentry following a flow transient in 
an LMFBR. These t es t s , the R - s e r i e s , will simulate (with seven pins) an 
LMFBR single subassembly as a flow transient occurs during steady-state 
full-power operation. Specifically, the program has the following objec
t ives: (a) to evaluate the consequences of various flow transients at steady 
power in a test vehicle that closely simulates current subassembly condi
tions, and (b) to verify the sequences and establish a time scale for events 
starting with sodium expulsion and possible reentry leading to cladding 
failure and fuel melting with possible molten fuel and sodium interaction. 

The technical approach to meet these objectives consists of 
six s teps: (l) Define the flow transients to be simulated and evaluate, 
through parametr ic calculations, the fuel, cladding, and coolant response 
to such flow transients as far as present analytical capabilities permit; 
the first studies a re keyed to current F F T F paramete rs ; (2) evaluate the 
in-pile test requirements in t e rms of the above studies and provide a con
ceptual design for a test facility that has provision for seven F F T F fuel 
pins and is suitable for operation in the ^FREAT facility; (3) evaluate the 
TREAT-reactor capabilities for accommodating the test facility and for 
providing required power to establish initial conditions in the test-facility 
fuel test section and sustain steady power for sufficient time to justify a 
meaningful experiment; (4) provide a detailed plan for facilities and opera
tion, including final design of the test facility with instrumentation; then a 
hazards report and accident analysis for TREAT will be prepared, as will 
a schedule of experiments and a cost estimate for test-vehicle procure
ment; (5) formulate a pretest analysis of the anticipated performance of 
the TREAT reactor and test vehicle for desired flow transients ; the time 
for initiation of coolant voiding, rates of expulsion, the time for cladding 
dryout and failure, and potential fuel-coolant interaction will be estimated 
with available models ; and (6) perform a posttest analysis of the data con
sisting of evaluation of the key t imes , sequences, and importance of the 
activity following the flow transient; this will also provide a real test of 
the extent to which current analytical models can describe the consequences 
of such flow t rans ients . 

P rogress has been made on Steps 1-3. Current efforts center 
on Step 4. Completion of the detailed design of the test facility and the first 
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test section is imminent. A prel iminary safety-analysis report is nearing 
completion. The first experiment is scheduled for mid-FY 1973. 

This test ser ies is a joint effort of the Fuel-Coolant Interactions 
and Coolant Dynamics activit ies. Detailed discussion of the progress in 
preparation for the R-se r i e s tests will also be reported under the la t ter . 

E. TREAT Operations. J . F . Boland, IF (02-122) 

1. Operations. J. F. Boland (Last reported: ANL-7833, p. 8.36) 

Experiment BCL-1 was subjected to three t ransients in which the 
reactor power was held constant by the computer-control system. This 
was the first TREAT experiment for Battelle-Columbus; the purpose was 
to investigate the performance of (Uo.8Puo,2)N fuel under conditions that 
simulated a 25% reactor-overpower condition. The experimental capsule 
was neutron-radiographed before and after the tes t s . Because the fuel is 
apparently undamaged, the experiment is being held in storage at TREAT 
pending a decision on subjecting it to another transient test . 

Experiment HEDL-59-9 was received, neutron-radiographed, sub
jected to a calibration transient, neutron-radiographed, and placed in 
storage. This experiment contains a prototype F F T F fuel element that had 
previously been irradiated. The experiment will be subjected to a test 
transient after the data from the calibration transient a re analyzed. 

Note that the experiment number in the first sentence of the June 
report (ANL-7833) should have been HEDL-58-8, not HEDL-58-9. 

a. Neutron Radiographs of Capsules for TREAT and EBR-II 
Experiments (Last reported: ANL-7833, p. 8.36, under 
Operations) 

Neutron radiographs were made of experimental capsules from 
EBR-II Subassemblies XX02, X085, and X080. Post t ransient neutron radio
graphs were also made of TREAT Experiment RAS-Dl. 

PUBLICATION 

Inelastic Response of P r imary Reactor Containment to High-energy 
Excursions 

Joseph Gvildys and Stanley H. Fistedis 
ANL-7499 Supplement (June 1971) 
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IX. E N V I R O N M E N T A L STUDIES 

A. T h e r m a l - p l u m e D i s p e r s i o n S t u d i e s . 
B. Hoglund (02-166) 

I- S i n k i n g - p l u m e E x p e r i m e n t . B. Hoglund and G. P . R o m b e r g (Las t 
r e p o r t e d : A N L - 7 8 2 5 , p . 9.1) 

T e m p e r a t u r e r e c o r d e r s w e r e p l aced on the bo t t om of Lake Mich igan 
n e a r the ou t fa l l f rom the Point B e a c h N u c l e a r P o w e r P l an t , Po in t Beach , 
Wiscons in , to m e a s u r e w a t e r t e m p e r a t u r e on the lake bo t t om to d e t e r m i n e 
the ex ten t to which the b o t t o m w a t e r migh t be hea t ed a s the r e s u l t of a 
" s ink ing" t h e r m a l p l u m e . F i g u r e IX. 1 shows the loca t ion of five t h e r m o 
g r a p h s t h a t o p e r a t e d s a t i s f a c t o r i l y du r ing the t e s t p e r i o d of M a r c h 11 to 
May 13, 1971. 

The p h e n o m e n o n of a s inking t h e r m a l p lume o c c u r s when the lake 
t e m p e r a t u r e is l e s s t h a n 4°C. The hea ted w a t e r d i s c h a r g e d f r o m the power 
p lan t e n t r a i n s and m i x e s wi th the cold lake w a t e r . When the d i s c h a r g e d and 
e n t r a i n e d w a t e r coo l s to 4°C, it a c h i e v e s i ts m a x i m u m dens i ty , and g r a v i t a 
t i ona l f o r c e s c a u s e it to s ink t h r o u g h the c o l d e r , m o r e buoyant lake w a t e r . 
This s l i gh t l y d e n s e r m a s s of w a t e r should flow along the lake bo t tom unt i l 
add i t i ona l m i x i n g f u r t h e r r e d u c e s the t e m p e r a t u r e . 

The e x p e r i m e n t i s r e l e v a n t to the behav io r of w a s t e - h e a t inputs 
d u r i n g w i n t e r c o n d i t i o n s . The Lake Mich igan E n f o r c e m e n t Confe rence 
T e c h n i c a l C o m m i t t e e on T h e r m a l D i s c h a r g e s has e x p r e s s e d c o n c e r n * that 
" B o t t o m l a y e r i n g of w a r m w a t e r m i g h t occu r over r e l a t i v e l y l a r g e a r e a s , 
having i t s chief effects on bo t tom fauna and the d i s r u p t i o n of f i sh r e p r o 
duc t ion . " The p r e m a t u r e ha tch ing of f i sh eggs r e s u l t i n g f rom e x p o s u r e to 
w a r m e r t h a n n o r m a l a m b i e n t w a t e r i s an i t e m of p a r t i c u l a r c o n c e r n . 

P r e l i m i n a r y a n a l y s i s of the da ta r e v e a l e d that the p lume did s ink to 
the b o t t o m a s long a s the lake t e m p e r a t u r e was 4°C or l e s s . When the 
a m b i e n t t e m p e r a t u r e exceeded 4°C, t h e r e was no ev idence of t e m p e r a t u r e 
p e r t u r b a t i o n s on the bo t t om p r o d u c e d by the t h e r m a l d i s c h a r g e . F i g u r e IX.2 
shows t y p i c a l da ta ob ta ined f r o m t h r e e of the t h e r m o g r a p h s . R e a c t o r unit 
No. 1 ( south outfal l ) was o p e r a t i n g at 480 MWe. (Unit No. 2 is not o p e r a t i o n a l . ) 
A p o r t i o n of the cool ing w a t e r was being r e c i r c u l a t e d , and th i s r e s u l t e d in a 
c o n d e n s e r in l e t t e m p e r a t u r e of 5.6°C and a d i s c h a r g e t e m p e r a t u r e of 13.9°C. 
D u r i n g the p e r i o d shown, the w e a t h e r changed f r o m cloudy to fog. Winds 
w e r e f r o m the s o u t h e a s t and v a r i e d f r o m 3 to 10 k n o t s . The a i r t e m p e r a t u r e 
was r e l a t i v e l y c o n s t a n t at 1-2.8°C, and the lake had 0 . 3 - to 0 . 6 - m e t e r w a v e s . 

T a b l e IX. 1 s u m m a r i z e s the r e s u l t s of the e x p e r i m e n t in t e r m s of 
the p e r c e n t a g e of t i m e a p a r t i c u l a r s e n s o r was inf luenced by the s inking 

•Recommendations of the Lake Michigan Enforcement Conference Technical Committee on Thermal Dis-
charges to Lake Michigan (Jan 1971). 
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Fig. IX.1. Location of Thermographs 
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Fig. IX.2. Thermograph Data for March 12-13 , 1971 (11:00 a . m . - H : 0 0 a.m.) 



9.4 

TABLE IX.1. Percentage of Time Thermograph 
Was Influenced by Thermal Discharge 

176 

Sensor No. 

182 297 

Hours AT>1.S°C 

% 

Hours AT>2.6°C 

% 

Hours AT>1.5°C 

% 

Hours AT>2.6°C 

i) 

135.8 

29.8 

74.8 

16.4 

59.8 

17.8 

11.3 

3.4 

(Mar. 13-31) 

105.8 

23.2 

21.0 

4.6 

[kpr. 1-4 5 21-

12.5 

3.7 

6.2 

1.7 

207.5 

45.5 

130.2 

28.6 

50)^ 

48.5 

14.4 

18.5 

5.5 

243 

31.0 

6.8 • 

6.2 

1.4 

29.S 

8.8 

4.0 

1.2 

368 

44.0 

9.6 

1.5 

0.3 

19.5 

5.8 

3.5 

1.0 

^Reactor shutdown Apr. 5-20. 

plume. Two percentages are given: One represents the fraction of t ime 
the sensor was influenced by more than 1.5°C above ambient, the other 
represents an influence greater than 2.6°C above ambient. The lake t em
perature reached 4°C on approximately April 16. 

Thermograph No. 297, the instrument recording the most influence, 
was in the shallowest water. Instruments No. 243 and 368 indicated much 
less influence than the three closer instruments. It therefore appears that 
a fair degree of mixing occurs between the inner and outer ins t ruments . 
The maximum AT observed in the closest thermographs was 3.9°C; the 
maximum AT recorded by the more distant thermographs was 2.3°C. 
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